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SUMMARY 


To explain the increase in the area of contact, and hence in the adhesion, of a steel ball sliding 
on indium, McFarLANE AND TABoR produced an analysis based on the interaction of the normal 
and tangential stresses applied during sliding. In their work, MCFARLANE AND TaBor showed 
experimentally that in the load range o—100 g the coefficient of friction of a 1/3’ steel ball sliding 
on indium is strongly dependent on the load, the coefficient of friction reaching very high values 
at light loads. In the present work, their analysis is shown to apply only to a fully work-hardened 
metal and experimental evidence is given which shows that indium work-hardens in the range of 
strains set up when a flat indium surface is indented by a 1/8” steel ball with loads up to 100 g. 
Using the empirically determined relation between load and area of indentation and adopting a 
similar treatment to that of MCFARLANE AND TaABor, the experimentally observed friction-load 
bebaviour of indium is explained in terms of the incomplete work-hardening of the contact region 
material when relative motion of the surfaces begins. The treatment is extended to the case of a 
fully work-hardened metal, when it is shown that the coefficient of friction becomes independent 
of the load, and criteria for the occurrence of slip and of seizure are obtained. Finally, the argu- 
ment is extended to give a qualitative explanation of the breakdown of Amontons’s law with harder 
metals in the presence of thin film lubrication. 


ZUSAMMEN FASSUNG 


Um die Vergrésserung der Beriihrungsflache und damit auch die Adh4sion einer auf Indium 
gleitenden Stahlkugel zu erklaren, haben McFaRLANE UND Tabor eine auf der Wechselwirkung 
zwischen normalem und tangentialem Druck, der wahrend des Gleitens auftritt, beruhende Ana- 
lyse entwickelt. McFaRLANE UND TABorR zeigten in ihrer Arbeit durch Versuche, dass in einem 
Belastungsbereich von 0-100 g der Reibungskoeffizient einer auf Indium gleitenden 1/3” Stahl- 
kugel stark von der Belastung abhangt, wobei bei geringen Belastungen der Reibungskoeffizient 
sehr hohe Werte erreicht. In der vorliegenden Arbeit wird nun gezeigt, dass die vorgenannte Ana- 
lyse nur fiir vollstandig kaltverfestigtes Metall anwendbar ist, und es wird experimentell bewiesen, 
dass sich Indium in dem angegebenen Belastungsbereich verfestigt, wenn eine flache Indium- 
oberflache durch eine, bis 100 g belastete, 1/3” Stahlkugel eingedriickt wird. Bei Anwendung 
der empirisch bestimmten Beziehung zwischen Belastung und Eindruckflache und Annahme einer 
Behandlung, die der von McFaRLANE UND TaBor angewendeten 4hnlich ist, erklart sich das in 
den Versuchen beobachtete Reibungs-Belastungs Verhalten als unvollstandige Stauchhartung des 
Materials im Kontaktgebiet, die eintritt sobald die Flachen sich gegeneinander bewegen. Die 
Behandlung wurde auf den Fall eines vollstandig kaltverfestigten Metalles erweitert, wobei ge- 
zeigt wird, dass der Reibungskoeffizient unabhangig von der Belastung wird und Kennzeichen 
fiir das Auftreten von Gleiten und Verschweissen erhalten werden. Die Beweisfiihrung erstreckt 
sich schliesslich auf eine qualitative Erklarung fiir das Versagen des Gesetzes von Amontons im 
Falle von Hartmetallen in Anwesenheit von diinnen Schmierfilmen. 


* Nowat the British Cotton Industry Research Association, Shirley Institute, Didsbury, Manchester. 
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LIST OF SYMBOLS 


F Frictional force 

Ls Normal load 

Ar True area of contact 

A Apparent area of contact 
po Meyer hardness 

b Apparent normal pressure 
pr True normal pressure 

s Apparent shear stress 

So Apparent shear strength 
Sor True shear strength 


o True tensile stress 
€ Natural strain 

x Strain-hardening index 

d Diameter of indentation 
D Diameter of ball indenter 
bu Coefficient of friction 


INTRODUCTION 


To obtain a qualitative explanation of friction phenomena, it is generally sufficient 
to postulate (i) that the frictional force F is proportional to the true area of contact 
A,r and (ii) that the true area of contact is proportional to the normal load L alone, 7.e. 
that the frictional force does not produce any increase in the true area of contact. 
With these postulates, it is possible to obtain Amontons’s laws!~‘ and to predict that 
temperature should not have a particularly large effect on the coefficient of friction 
of metals. 

When, however, a soft metal (e.g. indium) is considered, it has been shown®,® that 
the tangential force can cause the area of contact to increase considerably. Since 
indium exhibits very small elastic recovery on unloading, this increase in area is 
accompanied by a measurable increase in the adhesion between the soft metal and 
the harder surface with which it is in contact. To explain the relation between the 
friction and adhesion of a steel ball sliding on clean indium, MCFARLANE AND TABoR® 
suggested that the normal and tangential stresses applied during sliding interact, 
and, using a yield criterion of the same form as the Von Mises’s criterion, they were 
able to offer a satisfactory analysis. It will be shown below, however, that their 
analysis is applicable only to an ideally plastic material or what approximates to this 
in practice, 1.e. a fully work-hardened material, and that for such a material, the 
coefficient of friction is constant (7.e. Amontons’s first law). MCFARLANE AND TABOR® 
measured the coefficient of friction of steel on indium in the load range 0-150 g and 
showed that as the normal load was decreased, the coefficient of friction increased, 
reaching very high values at light loads. At heavier loads the coefficient of friction 
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was found to be roughly independent of load, i.e. the behaviour to be expected of a 
fully work-hardened material. 

Tapor’ has shown how the Meyer hardness is related to the degree of work-hard- 
ening and for a fully work-hardened material the Meyer hardness is constant. 
It is interesting to note that at those loads at which the coefficient of friction of 
indium is constant, the Meyer hardness has been shown’ to be constant. This suggests 
that the way in which the Meyer hardness of indium varies with the load at loads 
below 100 g (in which load range the coefficient of friction depends on the load) is 
of interest and this has been investigated. It was found that indium work-hardens 
over this range of loads and the McFarlane and Tabor analysis has been repeated 
for a work-hardening material. This will be shown to account satisfactorily for 
(i) the observed increase in the coetficient of friction of indium at light loads, (ii) the 
fact that fully work-hardened metals obey Amontons’s first law and (iii) that Amon- 
tons’s first law is not obeyed for lubricated hard metals at light loads. 


EXPERIMENTAL 

McFARLANE AND TaABor® measured the friction of a clean 1/, in. diameter steel ball 
sliding on indium within the range of normal loads 0-150 g and, in order to facilitate 
direct comparison of results, a similar steel ball was used in the present work to 
measure the Meyer hardness of indium in the load range o-100 g. The hardness 
measurements were made using a Vickers projection microscopic micro-hardness 
apparatus and, because of the influence of creep on the measured hardness of soft 
metals®, the load duration was kept constant at 15 seconds. It was found from these 
experiments that the Meyer hardness (9) increased as the area of the indentation 
increased. 

The true stress-natural strain curve for some ductile metals can be approximated 
in its first portion by assuming that the true stress (o) is a power function of the 
natural strain (e), 7.e. that 

oO = 01& 
where o, and « are material constants®. TaBor’ has shown that in the ball indentation 
process, p) «co and d/D ce where dis the diameter of the indentation and D is the 
diameter of the indenter; thus 


po = L/A = op (a/D)* = og A*!? 
for a fixed indenter, where o,, 03 are constants, 1.¢. 
L = o3A1+ #2 (1) 
In Fig. 1, the indentation results for indium have been plotted as Log L against 
Log A, where L is the applied load measured in grams and 4 is the projected area 
of the indentation measured in mm? and the best straight line through the points 
is shown. From the equation of this line, the relation 
L = 1300A1.15 (2) 
has been deduced, which is of the same form as eqn. (1). 
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Fig. 1. Plot of log Load against log Area of indentation for a flat indium surface indented by a 
1/gin. steel ball. Load duration - 15 seconds. 


DISCUSSION 


In the derivation! of the equation yu = So/P) where yw is the coefficient of friction 
and sy is the shear strength, it is assumed that the normal and tangential forces are 
independent of each other. In the present treatment, the following assumptions will 
be made: 

(i) The normal and tangential stresses are inter-dependent. (MCFARLANE AND 
TapBor'), 

(ii) The Meyer hardness is directly proportional to the yield stress of the material 
measured in uni-axial tension or in frictionless compression (TABOR’). 

(iii) The work-hardening arising from an increase in area produced in shear is the 
same as that produced by a similar increase in area due to normal loading. This will 
only be strictly true for an isotropic material. 

(iv) For soft metals, the true area of contact is proportional to the apparent area of 
contact when the latter is produced by bulk deformation (PARKER AND HATCH!). 

(v) The shear strength of the contact region material increases linearly with the 
mean normal pressure. LODGE AND HOWELL!° seem to have been the first to allow 
for the possibility of the frictional force per unit area being a function of the normal 
pressure and they suggested that this could be represented by a power law relation. 
In the present work it is proposed to assume that the shear strength is dependent 
on the normal pressure and to postulate a linear relation, viz. 


so =a-+ bp (3) 


where / is the mean normal pressure and a,b are constant. It will be shown below 
that for a fully work-hardened metal the normal pressure is constant at slip, so 
that from eqn. (3) it follows that the shear strength is constant at slip in this case; 
this is the assumption generally made in treatments of this kind. There is a certain 
amount of empirical evidence which suggests that the shear strength increases with 
the normal pressure in friction experiments. Thus, BowDEN AND TaBor!! compared 
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the shear strengths of indium, lead, copper and steel obtained from frictional 
measurements with the values obtained from shearing the pure metals (in the 
absence of a normal pressure) and in every case, the former values were greater than 
the latter. 

It is proposed, now, to develop a semi-empirical theory utilising these assumptions 
and to compare deductions therefrom with experimental data. 


THEORETICAL 


A work-hardening material 


Following McFARLANE AND Tasor®, assumption (i) can be represented by the 
relation 
p2 + as2 = k2 


where # is the mean normal pressure, s is the shear stress, a is a constant and & is 
proportional to the yield stress of the material. 
From assumption (ii) it follows that 


k = Bpo 


where f is a constant of proportionality. 
Hence the above equation becomes 


p? + as? = Bho? (4) 


If now, the surfaces are put into contact and loaded normally (s = 0), eqn. (4) 
becomes 
p2 a B?po? 


But with this experimental arrangement 


b = po, hence, 6) == 1 


1.€. eqn. (4) becomes 


pe + as2 = Po? (5) 


Consider now an annealed material, the true stress-natural strain curve of which is 
shown in Fig. 2. This material is elastic up to the small strain ¢,, then it work-hardens 
over the range of strain ¢, > ¢ after which it is fully work-hardened. 

Ideally, if such a material is strained to some intermediate strain ¢;, where ¢, <é&; 
<€», and then unloaded it follows some path such as AB where the slope of AB is 
the Young’s modulus of the material. If, now, from the state represented by B, the 
material is reloaded it follows the path BA until the strain ¢; is almost reached when 
the curve “tails off” to meet and continue along the stress-strain curve. If, instead 
of starting with the material in the annealed state, it had been partially work- 
hardened to the state represented by B and then stressed, its stress-strain curve 


References p. 96 


go C. RUBENSTEIN VOL. 2 (1958/59) 


Stress (0) 


Strain (€) 


Fig. 2. Idealised stress - strain curve for a material which work-hardens in the strain range €; — é2. 


would have been the curve BCDE with C the yield point. It follows from this that 
the stress-strain curve is the locus of the yield point of the material with increasing 
strain. Hence, provided f, varies (at the correct rate) with the deformation produced 
by the application of the normal and tangential stresses, eqn. (5) can be applied at 
all stages of working. 

Making assumption (iii), fy can be replaced by o,A7/? (see eqn. I above) when the 
resulting equation 


p2 + as? = o32A* 


will represent the deformation of the material under combined normal and tangential 
stresses in the strain range €, — & , t.e. over the work-hardening region. 
Since p = L/A ands = F/A, this equation becomes finally 


L2 + aF2 = o32A2+* (6) 
It is suggested that eqn. (6) expresses the relation between the friction force F 
and the apparent area of contact A when a ball of fixed diameter is slid against a 
soft metal (whose stress-strain index is ~) under an applied normal load L. As the 
tangential force F is increased the applied shear stress F/A increases and when the 
applied tangential stress becomes equal to the shear strength of the contact region 
. material, continuous relative motion will occur. If assumption (v) is made, then 
So = a + bp 
thus, at slip the coefficient of friction 


KM (= So/p) = b + alp (7) 


A fully work-hardened material 


The analysis given above has been derived for the general case of a work-hardening 
material for which 0 < x < 1, but it should, with one ammendment, be applicable 
to work-hardened metals and, in fact, BowDEN AND ROwE!2 have shown that pro- 
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vided allowance is made for elastic recovery on unloading, the analysis may be 
applied to harder metals which have been carefully cleaned in order that high adhe- 
sion forces are obtained. However, while there is evidence, as quoted above, that 
with soft metals the real area of contact is proportional to the apparent area of 
contact, when the latter is produced by bulk deformation, this is not necessarily true 
of hard metals, for which the friction force is found to be independent of the apparent 
area of contact. Thus, when eqn. (5) is applied to hard metals, the true stresses 
(based on the true area of contact Ar) must be used. 
In this case, since x = 0, eqn. (6) becomes 


L2 4+ qgF2 = k24 72 (8) 
whence 
F2/A 7? = (1/a)(k? — pr?) (9) 
where 
br =L/Ar (10) 


As the tangential force is increased, it follows from eqn. (8) that the area Ar 
increases. From (10) this corresponds to a decrease in #r and thus, from eqn. (9), the 
applied tangential stress F/A,r increases. Thus although an increase in F produces 
an increase in Ar, eqn. (g) shows that F increases faster than does Ar. 

It will be assumed that eqn. (3) expresses the relation between the true shear 
strength sor and the true normal pressure pz, 1.¢. 


sor = 4+ bpbr 


Then the shear strength will decrease as pr decreases (owing to the increase in F, 
and hence, in A7) and slip will occur when the shear strength and the applied shear 
stress become equal. 
Thus, at slip 
som? = (F/Ar)2 = (1/a)(k? — pr?) (Equation 9) 
hence 


“2? = (sor/pr)? = [(k?/sor?) — a}-t (11) 


Now, for a fully work-hardened material k (= por) and sor are constant (as is a) and 
thus yw is constant, i.e. Amontons’s first law is obeyed by a fully work-hardened (or 
ideally plastic) material. 

Thus, if we start with a fully work-hardened material then Amontons'’s first law 
will be obeyed. Similarly, with an annealed or partially work-hardened material, 
provided the applied shear stress remains less than the shear strength sufficiently 
long for the contact region material to become fully work-hardened, then Amon- 
tons’s first law will be obeyed. Only when the applied shear stress becomes equal to 
the shear strength before the contact region material has become fully work-hardened 
will the coefficient of friction become load-dependent (ignoring, of course, Coulomb 
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and ploughing frictional compenents). This result has been obtained elsewhere? 
when the interaction of the normal and tangential stresses was ignored. 

In the light of eqn. (11) it is not surprising that attempts to obtain quantitative 
verification of the equation 4 = 5»//y by measuring pw, sy and fy separately (e.g. 
Simon ef al.14) have not proved successful. 

Equation (11) suggests that a linear relationship will obtain between 1/u? and 
(k/sor)2, provided the shear strength, sor, is measured on a specimen subjected toa 
normal pressure k = por (which is that occurring in the contact region at the instant 
of slip). 


The coefficient of friction of indium 


In the range of strain over which indium work-hardens eqn. (6) may be applied, 
1.e. 
L2 - aF2 = 032A 2+* 


By comparison of eqns. (1) and (2) 


63.— L300) and) 4.—"0.8 


McFARLANE AND Tasor® obtained the value of a = 3.3 experimentally; hence for 
indium 
L2 + 3.3F2 = (1300)242-3 (12) 


From the coefficient of friction-normal load data” for a steel ball sliding on clean 
indium the corresponding values of L and F, at slip, can be calculated. Substituting 
these values in eqn. (12), the value of the area, and hence, of the mean pressure 
p (= L/A) at the instant of slip can be obtained. In Fig. 3, the values of yu are plotted 
against the corresponding values of 1/f and the points are seen to be close to a 
straight line in accordance with eqn. (7), 7.e. the data shown in Fig. 3 are consistent 
with assumption (v). 
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Fig. 3. The coefficient of friction of a !/gin. steel ball sliding onaclean indium surface plotted against 
the reciprocal of the apparent normal pressure. 
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The equation of this line is 
fb = 0.81 + 400/p (13) 
when # is expressed in g/mm?. From this equation it follows that 
A = (L/409)(u — 0.81) 


and substituting this value of A in eqn. (12) a relation between w and L is obtained, 
viz. 
(I + 3-3 4?)/(u — 0.81)?-3 = (13002/409?+3) 10-3 


which is shown graphically in Fig. 4, along with the experimentally obtained data, 
and the fit of the curve is seen to be quite satisfactory. 
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Fig. 4. The variation of the coefficient of friction of a !/gin. steel ball sliding on indium with the 
normal load. 


Thus, the suggested mechanism by which the coefficient of friction of indium 
becomes dependent on the load in the range 0-100 g is that the applied shear stress 
becomes equal to the shear strength of the contact region material at a time when 
the indium is still work-hardening under the influence of the normal and tangential 


stresses. 


The shear strength of indium when the normal pressure is zero 
Since 4 = So/p, eqn. (13) can be rearranged in the form 
So = 409 + 0.81p 
hence, when the mean normal stress # = o, the analysis given above leads to the 
result 
So = 409 g/mm?. 
The value of the shear strength of indium in the absence of a normal pressure can 
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be obtained directly from data quoted by McFaRLANE AND Tasor’ for the frictional 
force between a 1/, in. steel ball and a flat indium surface when a load of 14.5 g has 
been first applied and then removed, the surfaces having remained in contact by 
virtue of the high adhesion and low elastic recovery of indium. The mean value of 
the friction force was found to be 8 g. 
From eqn. (2) the area of contact 


A = (L/1300)1/1-15 mm? 
hence 


so = F/A = 8(1300/14.5) 1/115 = 399 g/mm?. 


The agreement between these values of sy is considered satisfactory. 


Criterion for seizure 


From eqn. (9) the maximum tangential stress which can be applied occurs when 
pr is negligibly small, 7.e. 
F/Ar = k[/a. 


Under these conditions, the shear strength, syr acquires its minimum value, for, 
when pr = 0 eqn. (3) becomes 


sor = a4 


For seizure of the surfaces to occur, the shear strength must be greater than the 
applied shear stress and hence seizure will occur if 

(Ssor)min. > (F/A7)max. 
Weak 

a >[{k//a 

Thus, the conditions most favourable to the occurrence of seizure are those which 
will produce an increase in a, and those which will produce a decrease in k. Thé 
maximum value of a will occur in the absence of surface contamination, and a 
decrease in k, the yield stress of the metal, will result from an increase in the tem- 
perature. These considerations are thus seen to confirm the well-known observation 
that clean surfaces and high temperatures favour the occurrence of seizure. 


Deviations from Amontons’s law occurring with lubricated harder metals 


It has been shown above that Amontons’s law is a consequence of the contact region 
material being fully work-hardened when the surfaces begin to slip relative to each 
other. For this to occur, it is necessary that the minimum value of the shear strength 
(a in eqn. 3) be sufficiently great for the surfaces to remain in contact during the 
period required for the deformation to proceed far enough. Thus, there is a critical 
value of the shear strength, below which slip will occur before the contact region has 
become sufficiently work-hardened for Amontons’s law to be obeyed. When this 
occurs, deviations from Amontons’s law may be expected. 
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One method of producing a reduction in the value of the shear strength of the 
contact region, experimentally, is to apply a thin film of lubricant to the metal sur- 
faces. At sufficiently heavy loads, the lubricant will break down, considerable metal to 
metal contact will occur and Amontons’s law will be obeyed. At normal loads insuffi- 
cient to produce large-scale penetration of the lubricant, however, the shear strength 
may be less than the critical value, and, as shown above, the coefficient of friction 
will then become load-dependent. Experimental evidence of this effect has been 
obtained by WHITEHEAD!* who found that for copper surfaces lubricated with lauric 
acid, the coefficient of friction increased from approx. 0.1 at 10—100 g normal load 
to approx. 0.55 at 0.01 g normal load. A similar effect was noted when octacosanoic 
acid was used as lubricant, the coefficient of friction rising to approx. 0.9 when the 
normal load was reduced to 0.01 g. WHITEHEAD put forward a tentative theory to 
explain this dependence of the coefficient of friction on load in terms of a possible 
interaction between the hydrocarbon films on both friction surfaces. 

Further evidence of the effect of thin film lubrication is furnished by the results 
of BARWELL AND MILNE?’ who investigated the frictional behaviour of boundary- 
lubricated hard metals. They found that the coefficient of friction was dependent 
on the normal load and on the radius of curvature of the upper hemispherical slider 
(and hence on the apparent area of contact) which results indicate that Amontons’s 
laws were not obeyed under these conditions of boundary lubrication. 


CONCLUSIONS 


From the considerations contained in this paper, it can be seen that Amontons’s 
law arises as a consequence of the contact region material becoming fully work- 
hardened before the friction members slip relative to each other. The MCFARLANE 
AND TABOR analysis has been shown to be applicable only to a fully work-hardened 
material and thus would not account for their observation that the coefficient of 
friction of indium is load-dependent at light normal loads. An explanation of this 
load-dependence has been offered in terms of the work-hardening of indium at these 
low normal loads and of the surfaces slipping prior to complete work-hardening. This 
would suggest that the coefficient of friction of higher-melting-point, oxide-free 
metals, when measured at sufficiently high temperatures (compared with their 
melting points) will exhibit a load-dependence similar to that shown by clean indium 
at room temperature, provided seizure does not occur. 

Again, if, through lubrication, slip occurs between two harder metals prior to 
complete work-hardening of the contact region material then Amontons’s first law 
will not be obeyed and, as has been shown above, this explains the experimental 
results obtained by WHITEHEAD?®, 
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THE MECHANISM OF CAVITATION 


E. G. RICHARDSON 


King’s College, Newcastle upon Tyne (Great Britain) 


SUMMARY 


Measurements are made of the number and size of the gaseous nuclei which exist in water and 
other liquids and give rise to cavitation and consequent erosion in hydraulic machinery. It is shown 
that the nuclei may be removed by long standing or by application of pressure. The nuclei are 
detected by the absorption of an acoustic signal which they produce in a “‘reverberation vessel’”’ 
containing the liquid. The distinction between air nuclei and vapour nuclei is brought out in the 
experiments. 


ZUSAMMENFASSUNG 
DER MECHANISMUS DER KAVITATION 


Anzahl und Grésse von Gaskernen, die in Wasser und anderen Fliissigkeiten auftreten, Kavita- 
tion und schliesslich Erosion in hydraulischen Maschinen verursachen, wurden gemessen. Es zeigt 
sich, dass die Kerne bei langerem Stehen der Fliissigkeit oder bei Anwendung von Uberdruck 
verschwinden. Die Kerne werden durch Absorption eines akustischen Signals, das sie in einem 
, Echogefass’’ mit der Flissigkeit erzeugen, nachgewiesen. Der Unterschied zwischen Gaskernen 
und Dampfkernen wird durch die Versuche verdeutlicht. 


Much attention has been given to the phenomenon of cavitation, since its effects 
on propeller efficiency were first studied by Sir CHARLES PARSONS in 1804. It is now 
known that not only is the operation efficiency of many hydraulic machines reduced 
if cavities are produced in the water, but the solid surfaces on which they usually 
collapse can be seriously eroded either by the first action of sudden pressure impulses 
or by the shock waves which are also set up. 

It has also been known for some time that cavitation is more easily produced in 
water that has been saturated with air than in water which has been deaerated by 
stirring it up in a partially evacuated chamber and it has been supposed that minute 
air bubbles in the former case act as nuclei on which regions of low pressure act if, 
for example, the water is accelerated round a sharp bend or over the backs of blades 
of aerofoil section. 

In order to study this mechanism and to be able to detect and, if possible, count 
the number of nuclei in a given specimen of water, some research has been sponsored 
by the Mechanical Engineering Research Laboratory of the Department of Scientific 
and Industrial Research and carried out by the author in conjunction with Dr. K. S. 
IYENGAR in the Physics Department of this College. 


References p. 106 


98 E. G. RICHARDSON VOL. 2 (1958/59) 


The hydraulic engineer is usually concerned to remove, as far as possible, all nuclei 
from the water he is going to pass through a machine but, in order to study the 
problem fundamentally, we started by seeing if we could add nuclei to water. This 
we did by dropping a few grains of common salt into freshly distilled water. 


APPARATUS FOR MEASURING THE SOUND ABSORPTION DUE TO NUCLEI 


The apparatus is copied from a well-known technique in architectural acoustics. 
A glass or aluminium vessel of several litres capacity contains a liquid which is set 
in reverberation by the ‘‘pinging’’ of an ultrasonic quartz or barium titanate crystal 
stuck to the wall. A similar crystal connected to an amplifier and oscillograph picks 
up the decaying signal. From a plot of the logarithm of the signal with time, the 
“absorption” due to the liquid and container are calculated in the same fashion as 
in the aerial sound experiment. The ‘‘reverberation time’”’ is the time for the signal 
picked up to fall to a small fraction of that when the source is turned up. It is inversely 
proportional to the total sound absorption. This method has been used by STRAs- 
BERG! and by us. 

The output from the receiving crystal was amplified and detected. The signal was 
applied to the D.C. amplifier of the oscilloscope and the receiver gain was adjusted 
until a full-scale deflection was obtained for pure water. (Fig. 1 is a photograph of 
the apparatus.) 


‘E 


Fig. 1. ' The reverberation apparatus. A noise generator, B aluminium vessel, C receiver 
D multivibrator, E mixer network, F power packs. 


A weighed quantity of salt particles was added to the water surface through the 
neck of the experimental vessel. These fell and rapidly produced a diffuse cloud 
which occupied most of the volume of the vessel. The particles dissolved quickly and 
their rate of fall was rapidly reduced. Solution appeared to be complete before any 
appreciable quantity of salt reached the bottom of the vessel. A stopwatch was used 
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to measure time from the instant at which the salt was added and the oscilloscope 
deflection was recorded at intervals of several seconds. 
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Fig. 2. Absorption of ultrasonics (a) for various frequencies in 2.2 | distilled water at various times 
after the addition of 0.1 g common salt. 


Fig. 2 shows specimen curves of the excess absorption a — over pure water — with 
time. At first the absorption goes up as the air carried in with the salt is released, 
but it subsequently falls as the bubbles either dissolve or rise to the surface. Bubbles 
which have a natural pulsation frequency, fy, near that of the source absorb the sound 
energy fastest. The resonant frequency is related to the diameter d (in cm) by the 
formula f/)d = 657. 

The process was followed by measuring in a van Slyke apparatus the air content 
in samples of water which had been saturated in air. Fig. 3 shows how the air dis- 
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Fig. 3. Change of air content of water after standing. 
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Fig. 4. Decay of ultrasonics of various frequencies in aerated water (a) at start (b) after 30 min 
(c) after 1 hour (d) after 20 hours. 


appears on standing and Fig. 4 gives results in the reverberation chamber at corre- 
sponding times. 


CAVITATION OF WATER SUBMITTED TO CONTINUING PRESSURE 


Harvey? and his colleagues have reported that water when subjected to large 
hydrostatic pressures for a short time does not cavitate even in intense sound fields. 
According to them this process of ‘‘pressurisation’’ eliminates air bubbles, which act 
as cavitation nuclei, by driving them into solution. A study of the air bubbles in 
pressurised water using the reverberation technique was therefore made. Pressures 
up to 20,000 lb./sq.in. (700 atmospheres approximately) were employed using an 
equipment basically consisting of an hydraulic pressure intensifier connected to a 
pressure cylinder in which the reverberation is placed for pressurisation. A reservoir 
provides a reserve source of water and the pressure is monitored with a standard 
Bourdon gauge. A thin glass cylinder was used as the reverberation vessel since it 
could conveniently be introduced into the pressure apparatus. The experimental 
procedure consists of initially filling the glass cylinder with tap water and determin- 
ing its reverberation time. It is then placed in the pressure cylinder and subjected 
to a known pressure for some time. The pressure is then released and the reverbera- 
tion time of the liquid again determined. Curve (a) of Fig. 5 shows the condition of 
water before, the curves (b) and (c) after pressurisation. The decrease in absorption 
indicated by curves (b) and (c) is due to the entrained air going into solution. The 
interesting feature of these curves is the finite amount of absorption still present, 
particularly in the neighbourhood of 1 Mc/sec. This shows that the largest bubbles 
present have a radius of 3 wu (3 x 1074 cm). 

An ultrasonic cavitation test was carried out on the pressurised samples of water. 
These samples were contained in thin glass test-tubes and subjected to the same 
treatment as the samples in the reverberation vessel. The source of the cavitating 
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Fig. 5. Decay factors in aerated water; (a) normal (b) compressed at 5000 |b./in.? (350 kg/cm?) 
(c) at 10,000 lb./in.2 (700 kg/cm?) for 24 hours. 


Fig. 6. Ultrasonic bowl transducer irradiating water in test-tube showing cavitation. 


field was a spherical bowl of barium titanate approximately 11 cm diameter and 
6 mm thick (Fig. 6). This was immersed in a light oil and when operated at 30 volts 
and at a frequency of 442 kc/sec, produced a fairly intense field at the centre of cur- 
vature. By regulating the voltage on the transducer this intensity could be brought 
under control. A calibration of the intensity at the focus was carried out by measur- 
ing the radiation pressure exerted by the sound field on a small steel bead suspended 
on a fine wire from one arm of a sensitive balance. 

The test-tubes containing the pressurised samples of water were held at the focus 
of the sound field and the voltage of the transducer was gradually increased in small 
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steps until the sample showed traces of cavitation by the sudden appearance of air 
bubbles. The voltage at this instant was taken as the threshold for cavitation. Fig. 7 
shows how the threshold depends on the air content. 


Cavitation threshold volts 


‘fo air saturation 
Fig. 7. Variation of cavitation threshold for samples of water. 


THE TWO TYPES OF CAVITATION 


The bubbles that appear at the onset of cavitation are generally of two kinds; 
gas(air)-filled bubbles and vapour-filled bubbles. Gas-filled bubbles grow to visible 
size and then remain stable while vapour-filled bubbles expand and collapse explo- 
sively ina sound field. The appearance of the former (also referred to as degassing) is 
not considered to be the true sign of cavitation. The term cavitation is normally 
applied to the formation of vapour-filled bubbles because most of the theoretical 
work in cavitation has been related to vapour-filled cavities. Such cavities are the 
ones whose collapse causes erosion. But this distinction is not critical since both kinds 
of cavitation must in the last analysis originate from microscopic cavities — cavita- 
tion nuclei — already existing in liquids. When the liquids contain dissolved gases 
these will diffuse into the growing nucleus and give rise to gaseous cavitation. During 
the progress of this cavitation, vapour-filled bubbles are also seen to grow and col- 
lapse so that the two cavitations exist side by side. 

The bowl transducer of Fig. 6 was now set to beam horizontally in a tank filled 
with the liquid under investigation. A short-focus telescope was focussed on the 
region in which the sound field is concentrated. 

When the tank is filled with aerated water (tap water) and the transducer set going 
in it, a small rise in the sound intensity is enough to cause the generation of a large 
number of cavitation bubbles at the focus. The focus is thus easily located. If the 
sound pressure is further increased, cavitation bubbles appear on either side of the 
focus and a cone of bubbles is formed with the apex at the focus. In de-aerated water 
these bubbles do not appear. 

When the tank is filled with aerated water and the sound intensity is gradually 
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increased, gaseous cavitation sets in at the focus. The onset of cavitation was recog- 
nised by two methods. The first method was based on visual observation. A micro- 
scope was used to observe the bubbles. The smallest bubble that could be seen through 
it was of a radius of ro pu. At the onset of cavitation, bubbles of this size suddenly 
appear one after another in rapid succession at a region of the focus which is a 
pressure antinode. They start rising in an oblique direction towards a pressure node. 
On the way the smaller bubbles coalesce to form larger ones, but more often the 
individual bubbles grow in size as they move forward and finally join a large bubble 
which remains trapped at one of the pressure nodes. These large bubbles grow larger 
until their buoyancy enables them to escape the traps. When the sound field is 
reduced in intensity below the threshold level, the small bubbles at the pressure anti- 
node decrease rapidly in size and disappear, while the larger bubbles, which main- 
tain a steady size, either rise to the surface of the liquid and disappear or remain 
supported by the sound field. 


(1) (2) 


Fig. 8. Records of noise (1) with, (2) without cavitation at 400 kce/sec. 


The second method of detecting the onset of cavitation was through the noise the 
bubbles make while they are growing in a sound field. These noises are picked up by 
the same bowl transducer which provides the incident sound field for cavitation, 
and are detected by a method which will be described under vaporous cavitation. 
Fig. 8 (1) is an oscillograph trace of the noise. Fig. 8 (2) shows the same trace 
when the noise is absent. The frequency of the noise is in the region of 400 c/sec. 
As this is in the audible range, a pair of headphones may be used for aural detection. 
This method of detecting gaseous cavitation is quite sensitive. Even before the 
bubbles become visible in the microscope, the noise indicates the onset of cavitation. 
This method was found to be of great help in detecting gaseous cavitation in under- 
saturated water, since in this water the bubbles sometimes never grow to visible size. 

In tap water vaporous cavitation starts at 8 volts, which corresponds to a pressure 
threshold of 4.1 atmospheres. The individual bursts are just perceptible and they 
occur roughly at the rate of one per minute. The amount of dissolved air has no 
effect whatever on the threshold. The pressurisation of water increases its capacity 
to resist cavitation. The threshold for vaporous cavitation goes up quite considerably 
even for such small applications of pressure as 50 to 100 lb./sq.in. (3 to 7 kg/cm?). 
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It has not, however, been possible to state precisely, as in the case of gaseous cavita- 
tion, at what pressures the cavitation starts again. This is because not only is the 
number of cavitation counts greatly decreased but the intensity of cavitation bursts 
is also very much reduced after a time. 


CAVITATION IN OTHER LIQUIDS 


Many other samples of water were investigated. All natural waters contain more 
or less solid matter in suspension as well as dissolved gases and salts. They all resem- 
bled tap water in cavitation behaviour with and without pressurisation. Distilled 
water which contains far less solid in suspension than tap water behaved in a similar 
manner. Sea water was very much the same. However, some interesting features 
of this water came to light during the experiments. 

Two samples of sea water collected near the shore at different places were sub- 
jected to cavitation. They showed a low threshold, lower than tap water. The water 
was allowed to remain undisturbed for a few days. But once again at the end of the 
period, they showed the same threshold. The air content of the samples was examined. 
They showed undersaturation, the percentage saturation being 85. It was therefore 
obvious that some air in undissolved form existed in these samples. In order to detect 
its presence the reverberation method was employed. Fig. 9 is a graph of the excess 
decay against frequency. It was obvious that a certain size distribution of bubbles 
existed, probably as gas entrained by the action of waves or produced by organisms 
near the surface. 


200 400 600 800 1000 1200 1400 
Frequency Kc/s 


Fig.9. Decay factors in surface sea water. 


The sea water samples were pressurised at 100 and 200 lb./sq. in. (7 to 15 kg/cm?). 
At the lower pressure they cavitated at 24 volts, while at the higher pressure no 
cavitation could be effected. 

In the present investigation nine organic liquids have been studied and work is in 
hand on some commercial oils. They were chosen from the point of view of their 
differing vapour pressures. The spherical glass bulbs referred to earlier were used as 
containers of these liquids. They were placed at the sound focus and the sound inten- 
sity was gradually increased to the cavitation level. The onset of cavitation in 
these liquids is sudden. At the threshold pressure a cavity suddenly appears in the 
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body of the liquid right at the sound focus, very much resembling the vaporous 
cavitation in water at high sound levels. This is accompanied by a profusion of air 
bubbles. The threshold pressures P, are given in Table I. These pressures are the 
mean of at least ten observations. The letter N denotes “no cavitation’. Often the 
cavitation would start on the wall of the bulb containing the liquid at low thresholds 
and quickly spread into the liquid. Whenever this happened the sound field would 
be completely shut off and the liquid left undisturbed for a quarter to half an hour. 
If the sound field was then quickly turned on, the cavitation in the interior was 
observed to take place much before the cavitation at the vessel surface. 


TABLE I 
baud (at 20°C) - Py j : o n-108 Pe ; 
1. Acetaldehyde 760 21 2.23 N 
2. Isopentane 600 14 7-5 N 
3. Ethyl ether 475 17 2.3 19.5 
4. Pentane 400 -— Aho} o}9) 
5. Acetone 200 23 3.3 15 
6. Hexane 120 18 Be 10 
7. Carbon tetrachloride I0o 29 9 19 
8. Benzene 50 2 6.4 N 
9. Toluene 20 30 5.8 N 


Py vapour pressure in mm; o surface tension (dynes/cm); 4 viscosity in poise; Pe cavitation 
threshold in atmospheres. 


An attempt was made to supersaturate the liquids with air and study the influence 
of such saturation on cavitation thresholds. The liquid was placed in a flask and 
with the help of an air pump the pressure on the surface of the liquid was increased 
to a desired value. While maintaining this pressure the liquid was kept under con- 
stant mechanical agitation. In a few seconds the saturation went up, as could be 
proved by using the air-content apparatus. A cavitation test of such a liquid showed 
no change of threshold. Under-saturation of the liquid also did not affect the thresh- 
old. 

As with water, the organic liquids contained in glass bulbs were subjected to 
hydrostatic pressures from three minutes to half an hour. The maximum pressures 
employed were in the neighbourhood of 350 atmospheres. After releasing the pressure 
the liquids were introduced into the tank for a cavitation test. They showed no 
change of cavitation threshold after pressurisation. 


DISCUSSION 


Surveying all these results, one can say that the existence of nuclei of the order 
of 50 w in diameter which encourage cavitation is definitely established in water 
and — given a sample — we can give an estimate of their size and number, though 
— if the range of size is large — it may be difficult to disentangle the size-number 
function. We have also established that truly dissolved air has no effect on the 
inception of cavitation; the air must be in discrete bubbles. 
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The frequency range of the reverberation method can be extended to cover small 
bubbles and detect them, provided their number is sufficiently large. For example, 
bubbles of 1 ys radius have a volume which is of the order of 10~¥? cm%. According to 
calculations made of the threshold of detection, the reverberation apparatus is 
capable of detecting these bubbles when at least a hundred of them are present in 
each cubic centimeter of water. The value of this minimum increases quite rapidly 
as the bubble size decreases. When the size falls to 0.1 w the number of bubbles 
needed for detection is of the order of 108 or even 107 per cm® when account is also 
taken of the fact that the threshold is a function of the frequency of the apparatus. 
Measurements of the excess (over the pure-water value) decay rate with the rever- 
beration apparatus were not possible in long-standing water. Evidently the number of 
nuclei in such water is far below these figures. There is thus a limitation to the 
usefulness of the method as a means of detecting nuclei below a certain size. 

That the nuclei below a micron size are fairly numerous in water may be inferred 
from the results of the many investigations carried out on cavitation. The effect of 
prolonged pressure seems to be to drive the nuclei into solution. 

According to the organic skin theory’, when a pressure is applied to water the 
larger nuclei are first crushed leaving the smaller ones intact. If these pressurised 
samples are subjected to cavitation, the threshold for cavitation will be determined 
mainly by the size of the largest nucleus present. Experiments show that the cavita- 
tion threshold is quite repeatable for a given sample pressurised in a given manner. 
This could be so only if a large number of nuclei of the same size were present. 

Organic liquids have few nuclei. If air is pumped in, it either dissolves or escapes. 

These results with organic liquids receive — from the point of view of their being 
due to absence of nuclei — confirmation from other sources. PATTLE* produced 
bubbles of gas from a glass tip immersed in a liquid, and by photographing them as 
they rose determined the rate at which they vanished as the gas dissolved. Whereas 
bubbles of 50 uw or less could only be formed with difficulty in oil, and in clean de- 
aerated water disappeared within 3 min, if the water contained protein they often 
reached a limiting size at which they became stable. At the other extreme, a 50 u 
bubble in carbon tetrachloride had a life-time of only 15 sec. 

Some investigators claim to have found a correlation between the electric break- 
down voltage and the presence of gaseous nuclei in oils. It is for this reason that we 


are now extending the acoustic measurements on organic liquids to samples of 
transformer oils. 
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TY RE-TO-GROUND CONTACT STRESSES* 


V. E. GOUGH 


Dunlop Research Centre, Fort Dunlop, Birmingham (Great Britain) 


SUMMARY 


Because pneumatic tyres not only carry the weight of a vehicle but propel and guide it, the 
study of tyre-to-ground contact stresses is one of importance. Unlike the case of metal rolling 
on metal the tangential forces and consequent movements between the rubber tyre and rigid 
ground are probably of greater importance than the normal stresses. This is especially so as the 
normal end-point of a tyre’s life is the wearing away of the tread rather than fatigue within the 
tread material. Methods devised for the study of these forces and movements throw light, not 
only on the mechanism of the development of the forces but also on the frictional phenomenon 
involved and on the resultant tyre-ground reaction. 


ZUSAMMENFASSUNG 


KONTAKTSPANNUNGEN ZWISCHEN REIFEN UND BODENFLACHE 


Das Studium der Kontaktspannungen zwischen Reifen und Boden ist wichtig weil Luftreifen 
nicht nur das Gewicht des Fahrzeugs zu tragen haben, sondern auch fiir dessen Fortbewegung 
und Steuerung sorgen miissen. Im Gegensatz zum Rollen von Metall auf Metall sind hier wahr- 
scheinlich tangential wirkende Krafte, und die dadurch verursachten Bewegungen zwischen dem 
Gummireifen und dem starren Boden, wichtiger als Normalspannungen. Vor allem auch, weil die 
normale Begrenzung der Lebensdauer eines Reifens eher durch Abrieb der Laufflache als durch 
innere Ermiidung des Reifenmaterials bestimmt wird. Methoden, die zum Studium dieser Krafte 
und Bewegungen entwickelt werden, werfen nicht nur Licht auf den Mechanismus der Entstehung 
solcher Krafte, sondern auch auf die hierbei auftretenden Reibungserscheinungen und die daraus 
fortkommende Wechselwirkung zwischen Reifen und Boden. 


GENERAL 


A pneumatic tyre consists essentially of a flexible but not extensible casing built 
up of textile cords or similar filaments, laid in specific directions to restrain the 
casing extension on inflation and to carry the consequent inflation stresses. These 
cords are maintained in their correct relative positions by a matrix of rubber. This 
rubber not only insulates the cords from each other but also holds the whole structure 
together, as there is a substantially physical bond or adhesion between cord and 
rubber. Shear deflections in the rubber insulations allow the flexibility necessary 
for the tyre to provide a flat ground contact patch and to absorb the inevitable 
irregularities encountered on a road. 


* Presented to the Stress Analysis Group Conference on Contact Stresses, London, 14th 
May 1958. 
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Fig. 1. Successive layers stripped off a tyre to show the construction. 


A typical tyre shown in Fig. 1 is comprised of a casing of cords at equal bias 
angles, positive and negative, on which are mounted a tread of wear-resisting rubber. 
The cord plies pass around a hoop of high tensile steel wire which resists the outward 
tensions set up in the plies by the air inflation pressure. The modulus of the various 
materials in a tyre range from that of steel (2.0 - 10® kg/cm?) to that of the various 
rubber compounds which are in the order of (tens of kg/cm?), with the textiles occu- 
pying an intermediate position with values in the tens of thousands. 

Because of this and because of its geometry, a tyre is a highly redundant structure 
and experimental methods of investigation are essential. In spite of any problems 
which stem from this difficulty in stress analysis it is an established fact that tyres of 
satisfactory endurance performance are regularly produced and from the user point 
of view the reason a tyre is discarded is most commonly that the tread is completely 
worn away. 

Furthermore, a tyre not only carries the weight of a vehicle but it also provides 
the driving, braking and guiding forces. These forces, which are tangential forces 
in the tyre-ground contact area can, under some circumstances, be as high in magni- 
tude as the vertical or normal tyre-ground contact forces. The tangential forces are, 
in their own rights, of fundamental importance in the operation of the tyre and, in 
consequence, the stability and safety of the automobile. Experience has proved also 
that the wearing process is directly dependent on the relationships between the 
tangential forces and consequent tyre-ground sliding movements. The vertical or 
normal tyre-to-ground forces, although important, are only indirect in their effects. 


NORMAL CONTACT STRESSES 


Before proceeding to discuss the tangential forces some general points about the 
normal contacting stresses will be mentioned. 
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If a load is applied to an inflated tyre in contact with a flat road the tyre progres- 
sively deflects as the load increases. The slope of the curve depends on the inflation 
pressure. It is convenient to summarise the data for a range of inflation pressures in 
the form of a lattice plot (Fig. 2) of the type described by YaTEs!. A family of curves 
having load as ordinate and deflection as abscissa (at common scales) are superposed 
with their abscissa lying on the same base line but their zeros displaced by amounts 
proportional to inflation pressure. Lines of load set up by given deflection can then 
be drawn in. If these lines are extended the amount appropriate to correspond to 
zero inflation pressure, the load deflection properties of the tyre casing structure 
without inflation pressure can be drawn. If the casing had no intrinsic stiffness this 
curve would have zero slope and would lie along the common abscissa. 
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Fig. 2. Lattice plot of load-deflection-pressure characteristics. 


Measurements of contact area and average contact pressure confirm that casing 
stiffness plays a part in the load-carrying since the contact pressures are about 50% 
greater than the inflation pressure. An infinitely flexible casing would result in 
contact pressures equal to inflation pressure. 

Contact pressures between tyre and ground are not necessarily uniform, partly 
because of tyre detail design and partly because of road surface irregularities. 
Examples of studies of contact pressure distributions on flat surface roads have 
been published, for example by MARTIN? in Germany and by the Road Research 
Laboratory? in England. Such studies can be very time-consuming. We have devised 
and used a method of rapidly estimating whether the contact pressure is uniform 
(Fig. 3). A mat of steel balls flexibly connected by a thin film of rubbered canvas is 
interposed between a flat slab of paraffin wax and a tyre. The indented wax surface 
is blackened and wiped over so that only the ball impressions remain blackened. 
A half-scale photo permits a subjective assessment of departures from uniformity 
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since the size of the dots controls the apparent blackness in the same manner as in 
the half-tone printing process. Tedious microscope measurements and standardising 
experiments are avoided. 


Fig. 3. Ball and wax method of estimating uniformity of contact pressure. 


The ridges of higher pressures at the edges of the contact area are due in part to 
the casing effects already mentioned but can be considerably modified by changes 
in relative tread thickness between crown and shoulder, that is, centre and side of 
contact. The study of the optimum pressure distribution is an empirical one which 
cannot be summed up in one overall statement. In broad terms, a generally uniform 
pressure seems to be the best solution for best skidding resistance and wearing prop- 
erties. This statement does not really contradict the views of the Road Research 
Laboratory, who state that road surfaces giving areas of locally high contact pres- 
sures between particles of road aggregate and the tread rubber result in best resis- 
tance to skidding when the road is wet*. The general point is agreed; but our experience 
leads us to state the findings in the following way: it is essential to break through or 
otherwise remove any surface film, water or dirt or surface contamination of any 
kind, from between the rubber and road, and then a good friction is automatically 
obtained. When clean rubber is in contact with a clean solid, a high friction is obtained 
because friction is primarily caused by physical forces of adhesion and the larger the 
area in actual contact the greater the friction’. Only these assumptions explain the 
fact that the highest coefficients of friction are obtained on smooth texture surfaces 
provided they are clean, but rough surfaces are more or less independent of state of 
cleanliness (see RotH, Driscott AND Horr® in U.S.A., and also a paper by the 
present writer®), 

Contact pressure alone is not a unique deciding factor, as Fig. 4 shows. In the left- 
hand pair of figures, reversal of direction of sliding effected by merely fitting the 
tyre the other way round on the wheel, increased the effective coefficient from 0.33 
to 0.49. The precise geometrical contour of the worn tyre studs in deciding the wiping 
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action of the leading edge had a demonstrable difference in the friction developed 
on a wet smooth road at 30 m.p.h. 

In the right-hand set of illustrations experience has shown that transverse cuts 
in an otherwise smooth tread wipe a smooth road clean and give a good grip. The 
cuts are less effective on rounded stones since water between the stones renews the 
film. 
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Fig. 4. A. Effect of direction of sliding on coefficient of friction. B. Influence of road surface 
geometry on wiping action of cuts. 


TRANSMISSION OF TRACTIVE FORCES 


The above brief discussion of contact pressures has naturally indicated that, at 
least in some cases, tangential movements across the surface need consideration. 
We will now proceed to show that under all conditions in which a tangential or 
frictional force is developed between a tyre and a road surface, perceptible movement 
occurs. In fact, the whole problem of friction and of abrasion or wearing away is 
bound up in the relationships between force and movement. The classical concept of 
a static friction force giving way to a lower sliding value does not apply; movement 
always occurs before the maximum friction is obtained®,®,’, 

That some such phenomenon arises can be suspected from measurements of wheel 
revolutions executed under various values of torque, braking and driving (Fig. 5). 
It should be noted, however, that relationships between torque and rate of rotation 
resist full analysis in simple terms. In a recent paper in which driving torque, tractive 
effort and rate of wheel rotation and forward velocity of motion are all determined, 
BaiLEy® points out that an assumption has to be made before the data can be ex- 
pressed in the form of graphs of percentage slip and drag losses both as plots against 
tractive effort. 
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Fully sliding coefficient 
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Fig. 5. Estimated relationship between rolling radius of a tyre and applied longitudinal force. 


Similarly it can be shown from Fig. 6 that there is no simple relation between the 
location of the reactions, the transmitted torque and slip. 
Consider the driving wheel case; consider the balance of energy: 


Input = output + loss 
Work done Work done 
b a Internal 
y external by external 
or f : = sa : + energy losses 
orces causing forces opposing sade 
tyre rotation tvre rotation y 


From this it can be shown that: 


Cc 
F =—— D 
R 
Where R = effective rolling radius 
_ distance travelled in one revolution 
27 
and D = effective drag force causing energy loss 


__ energy loss in one revolution 
distance travelled in one revolution 


and C = torque applied to the wheel 
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The balance of moments around the axle 


ae ne Wa 
kh he 
where W = load carried by the wheel 
and h = axle height above the ground, 
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Fig. 6. Resultant ground force and its components on a rolling tyre with applied torques. 


Experiment shows that axle height 4 and the effective rolling radius R are not 
equal or even simply related and so there is no simple relation between D, and W, 
a and h. This statement is true even in the free rolling case. Any attempt to relate 
R andh by a geometrical analysis involves an assumption which needs supplemen- 
tary test evidence to justify it. 

The distortion and slip within the contact region needs to be known and this is 
not easy when the movements are in the direction of motion, 


References p. 126 


114 V. E. GOUGH VOL. 2 (1958/59) 


TYRE-GROUND MOVEMENTS DURING CORNERING 


The study of tyre-ground movements is more readily carried out when the move- 
ments are primarily at right angles to the direction of movement which are the 
conditions arising when cornering forces are being developed. These forces are the 
forces which the driver calls into play when he steers the car and which keep the car 
on the course he has chosen even if that is straight ahead. 

If a tyre is upright in relation to the ground and rolls forward in the plane of the 
wheel it does not develop a sideway force nor will it resist one. If it is caused to move 
at a slip angle (or a drift angle) that is, in a direction different from the straight 
ahead case, it will develop a ground frictional force resisting that drift or slip. Up to 
10-15° it is extremely sensitive to the angle, above that value the force is more or 
less constant and equal to the coefficient of friction obtainable times the load carried. 
This extreme sensitivity to angle at the smaller angles is important: it provides the 
precise directional control required for the vehicle and also dictates the design of a 
vehicle for good tyre life. The magnitude of the effects can be appreciated if it is 
noted that a slip angle of one degree causes a cornering force of one tenth the vehicle 
weight to develop and, at the lower slip angles (6-10°) it is approximately pro rata. 

If a tyre is rolled across a blackened aluminium plate sprinkled with particles of 
grit a record of relative movements is obtained (Figs. 7 and 8). It will be noted that 
at a slip angle of 34° under which the cornering force developed is around one third 
the tyre load, the movements are substantially at right angles to the direction of 
progression and are substantial, being of the order of about one fifth of the tread 
width. At larger slip angles even greater movements occur, at smaller slip angles 
proportionally smaller movements. Even at zero slip angles small movements occur 
and while these are perhaps of significance in combating wear irregularity and in the 


Fig. 7. Movements of tyre on ground when rolling at }° slip angle. 
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Fig. 8. Movements of tyre on ground when rolling at 3$° slip angle. 


evolution of tread designs which when driven carefully must be free from irregularity 
of wear, the study of the straight ahead rolling case tells us nothing about the con- 
ditions which produce the bulk of tyre tread wear. 


300} ic +} ta 
z00l aociel 
Left 
front 
100 + 
80 I 
60 ‘ie l 
50- t 
40/+——-++ SS 
= | 
g 30) =o L 
6 20-4 i t 4 
& Right 
12) rear ; 
(é 
i, 
2 10 + 
28a ipl yf 
a 
6 —— 
5H4+ + Left + i. ‘oI 
Ale rear i ll 
3-7 | 
/ f 
2 1 an im | 
Right 
y fcodt 
L o CUO) ms 77) OND O 
6808 6 GO 6 O00d0< 
OOOO 


Lateral acceleration in terms of g 


References p. 126 


The bulk of the abrasion of tyres 
occurs when the higher frictional forces 
and consequent tyre-ground move- 
ments occur, as is evidenced by Fig. 9. 
More than a hundredfold variation in 
rate of wear is possible by a simple 
alteration in the lateral acceleration 
imparted to a vehicle on a circular arc. 
A tyre which (Fig. 10) wore out in a few 
tens of miles running continuously ona 
tight turn would last several tens of 
thousands of miles on relatively straight 
roads and only occasionally gives less 
than ten thousand miles even under the 
most arduous road conditions. 


Fig. 9. Relative rate of wear of tyres on a 
vehicle at various lateral accelerations. 
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Fig. 10. Tyre worn by continuously applied sideways force. 
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Fig. 11. Buffing ridge patterns on outer front tyre of a vehicle operating continuously under a 
lateral acceleration of 0.3 g. 


The fine surface markings on the tread surface of the tyre can give us infor- 
mation about tyre-ground movements (Fig. 11). The fine lines are saw tooth 
ridges produced by the abrasion process. The direction of the line of the ridge is at 
right angles to the direction of relative movement and the cross-section of the ridge 


enables the sign of direction to be determined. The arrows in Fig. 11 show movement 
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of the ground across the tyre tread of a tyre under cornering and cambering condi- 
tions. The direction of the tangential force from the ground to the tyre is in the 
direction of the arrow X. At the top of the figure the resultant movements are 
broken down into lateral component and fore and aft (driving and braking compo- 
nents). A tyre under less camber conditions, and incidentally lighter load, produces a 
somewhat similar pattern of buffing ridges but with smaller braking and driving com- 
ponents. In both cases the predominant direction at the centre of the tyre is lateral. 
It must be remembered that in these buffing ridges, like children’s drawings on a 
sandy beach, the last movements, 7.e. those at the rear of the contact area, are the 
ones most readily visible. It will be shown later that these are also the ones which 
cause greater proportion of the wear and so the indications are relevant. 
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Fig. 12. Tyre-ground movements during cornering. 


Before proceeding to this point it is interesting to note scratch patterns on the 
ground (Fig. 8) and the buffing ridge patterns of Fig. 11 are in substantial agreement. 
Careful analysis of the scratch patterns lead to Fig. 12 where the geometrical location 
of points b, a and c and line a d correspond to the tyre when it contacts the ground 
and points B, A and C and line A D correspond to the tyre as it leaves the ground. 
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A tracing of points a b c d laid over points A B C D superposing a d along A D shows 
that a small braking movement occurs on the heavily laden (left-hand) rib and a 
small tractive movement occurs on the lightly laden (right-hand) rib. This is in 


accord with Fig. 11. 


RELATIVE IMPORTANCE OF CORNERING AND BRAKING WEAR 


The fact that buffing ridge patterns of the type of Figs. 10 and 11 predominate on 
wheels subjected to both braking and cornering suggests that cornering wear is more 
important than braking. That this is probably to be expected can be deduced from 
simple mechanics. If the expression V* = 2fs for retardation to rest from a speed v 
is compared with f = V2/r, it can be deduced that if two vehicles travelling at a 
common speed v are considered, one with a sideways-given force and the other with 
the same magnitude force applied in a braking manner, the circumference of the 
circle is 4 2 times the distance to stop the latter vehicle. 

Stated in another way, in executing a right-angled turn a vehicle travels over 
three times the distance it would require to come to rest if the force were a braking 
force rather than a sideways reaction. Add to this picture the fact that the tyres’ 
flexibility sideways is several times that in a longitudinal direction, and it is obvious 
that cornering wear is predominant over wear due to braking. A wide experience of 
buffing ridge patterns® proves this to be so. 


TABLE I 


MAGNITUDES OF MOVEMENTS OF TREAD ELEMENTS OF TYRES DURING CONTACT ON GROUND 


Coefficient* 


Condition pieced Seen 5 aioe 
(a) Simple rolling Different in different Zero 2 or 3 mm maximum 
parts of contact area Zero in places 
(b) Cornering Lateral 0.2 6-10 mm 
(c) Cornering nearly Lateral 0.7 2-3 cm 
skidding 
(d) Skidding sideways Lateral Value settled by Many centimetres 
limiting friction on 
road surface 
(e) Locked wheel Forward Value settled by Many metres 
(braking) limiting friction on 7 


road surface 


appropriate horizontal force 


* coefficient = “ 
vertical load 


Table I shows the relative movements in a number of simple operational conditions. 
These values are relevant both in relation to skidding, especially when on wet roads, 
and wearing, particularly on dry roads. As the evidence is discussed later it will be 
seen that in the first two cases emunerated, simple rolling and cornering, the fric- 
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tional forces and wear depend on the ratio of velocities, velocity of creep to velocity 
of rolling, and are thus largely independent of speed of progression as such, while in 
the last two cases the movement is largely of complete or nearly complete sliding 
where the friction and wear is directly dependent on speed of progression. 

Another interesting case is worth referring to. 
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Fig. 13. Locus of reaction vector during tyre spin-up at ‘‘touch-down’’. 


In the touch-down of an aircraft, which results in forces sufficient to produce 
visible blue smoke and to blacken the runway, the predominant factor producing 
tyre wear is the cornering force required to resist cross winds during the subsequent 
landing run and taxying. 

Fig. 13 is of some interest in passing. It was derived from accelerometer recordings 
of a touch-down. The ground reaction increases in magnitude and acts along the line 
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Fig. 14. Cornering characteristic curve of 7.60-15 tyre at 24 lb./sq. in. 
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of the friction angle until rotation of the wheels is achieved and then it is almost 
vertical, as would be expected for a rolling wheel. The amount of energy which can 
be expended during spin-up is limited by the wheel inertia and is much less than 
that which can arise from the effect of the cross wind on the whole aircraft during 
its taxying and landing. This explains the statements made. 


TYRE-GROUND CORNERING FORCES AND STRESSES 


A convenient way of studying the resultant cornering forces set up by a tyre 
running at.a slip angle is by running a tyre on a rotating drum at an appropriate 
range of attitudes!®. 

In addition to developing a cornering force the tyre develops a self-aligning torque 
tending to steer the tyre into its direction of motion. The whole of these properties 
can be recorded on one chart — the characteristic curve Fig. 14. This curve is usually 
a plot of the cornering force developed against the steering effort required to maintain 
it with the resulting slip angle recorded on it!*. The slope of the straight lines through 
the origin indicates the trail or the value of the distance behind the centre of contact 
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Fig. 15. Characteristic curve: comparison on wet and dry surfaces. 
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at which the sideways force acts, to produce the moment recorded as self-aligning 
torque. It will be shown that this interpretation is substantially the correct one. 

If the limiting coefficient of friction is reduced owing to a change of surface or the 
presence of water or dirt, the effect is to modify the upper part of the curve without 
substantial change to the curve near the origin (Fig. 15). The curve levels out at 
the new coefficient. 

The properties at the lower slip angles depend upon the geometry of distribution 
of forces and movements and the fact that in this region the friction laws are such 
as not to modify the effects even over a wide range of speed. 

The above discussion refers to the total reaction. It is found also that provided 
the limiting friction is constant and is not speed-dependent, the characteristic curve 
is not substantially affected by speed even if the speed is varied over the wide range 
from a few cm per sec to 100 km/h, which is a speed range of over a thousand to one. 
This point is important and will be referred to again. 
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Fig. 16. Apparatus for study of tyre-ground lateral forces. 


The detail of lateral stress distribution and tyre-ground movements has been 
studied!3,14 by a device shown in Fig. 16. The lateral force developed on a bar 1” 
wide submerged to ground level and extending across the full tyre tread width is 
recorded against the lateral movement of the central rib of the tread, as a tyre is 
rolled along at a known slip angle and the total sideway force is measured at the 
axle. 

The area of the resulting diagram (Fig. 17) is the work done against the lateral 
forces which are, on the evidence of buffing ridges shown on Figs. 9, to and 11, the 
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forces producing abrasive wear during cornering. Two points are worth noting. The 
greater portion of the work done is after the centre of contact and also movement 
has occurred before the peak force is developed. These points can also be seen from 
plots of lateral movement during the progression through the contact patch Fig. 18, 
as the movement arises before the point of peak force but occurs mainly at the end 
of contact. 
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Fig. 17. Lateral force and movement within the tyre-ground contact at high and low slip angles. 
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Fig. 18. Distribution of lateral movement along contact length - tyre operating at 3° slip angle. 


The distribution of lateral force through the contact patch Fig. 19a, is also of 
interest. The force intensity increases progressively until it reaches a limit set by 
the normal contacting pressure intensity. At larger slip angles the initial rate of 
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increase of force is greater than at low slip angles and it reaches the limiting value 
earlier in the contact area. The area under the curve of intensity of lateral force 
equals the cornering force. This force acts at the centroid of the area and so gives rise 
to the self-aligning torque. The distance between the centroid of the area of the 
curve of force and the centre of the tyre-ground contact patch is the pneumatic trail. 
These features are in agreement with the drum test data of the type of Fig. 14. 
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Fig. 19a. Distribution of lateral force along contact length. 


Fig. 19b. Suggested basis of lateral force distribution. 


Fig. 19b shows, in principle, how the contact pressure distribution exerts an indirect 
control over the friction forces. 

Further confirmation of the correctness of this data has been obtained on a 6-com- 
ponent rig in which the total reaction between the tyre and ground is determined 
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during rolling with a slip angle!! (Fig. 20). The total reaction is a wrench but a 
wrench can be split into a force normal to the ground and one in the ground plane. 
If this is done the vertical reaction is approximately at the centre of the contact 
patch and the frictional ground force is nearly parallel to the axle with a slight 
rearward component, as would be expected from the rolling resistance. The force is 
offset behind the centre of the contact patch in agreement with the earlier data. 
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Fig. 20. Total reaction between tyre and ground. Fig. 21. Work done against lateral 
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coefficient. 


This agreement between the data from these widely differing tests and experience, 
including the buffing ridge patterns on tyres from service, indicate that data of the 
type of Fig. 21, which is a plot of work done against cornering coefficient, is a useful 
assessment of the rate of tread wear. The further agreement between this present 
graph and that of the rates of wear on vehicles operating at various constant lateral 
acceleration in Fig. 9, confirms this. 

One or two further points of interest are worthy of attention. 

If a tyre running at a slip angle is also cambered the characteristic curve is dis- 
placed (Fig. 22). A camber thrust and a camber torque are linearly added to the 
characteristic. The fact that these add linearly to the non-linear cornering character- 
istic enables an interpretation of the mechanism to be made. In the simple cornering | 
case the aligning torque arises because of the non-linear distribution of the intensity 
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of the lateral forces, which is connected with the fact that a movement across the 
surface occurs primarily at the exit of the contact. In the cambered case although 
the tread ribs are distorted from their natural arc to a straight chord, thus giving 
rise to a sideway force, they have returned to their correct place at the end of the 
contact. There is no asymmetry of distribution and no resulting torque. That the 
camber torque arises from the unequal rolling radii owing to the tilt of the tyre, is 
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Fig. 22. Cornering force versus aligning torque at various camber and slip angles. 
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Fig. 23. Suggested form of friction curve. 
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confirmed by buffing ridge patterns (Fig. 10). The two effects, camber torque and 
camber force are independent and so add linearly to the cornering characteristic. 

The final point is that the whole of our experience in this field leads us to put 
forward Fig. 23 as the basic friction curve. The frictional force depends on the 
ratio of the sliding velocity to the rolling velocity in the cases of low to medium slip 
and it only depends directly on velocity when pure sliding occurs. There is percep- 
tible drift or creep at maximum coefficient and much of the phenomenon is indepen- 
dent of speed. This is perhaps a subject in itself and a paper has just been presented 
on this point?. It will suffice, perhaps, to point out that up to the region of maximum 
friction force, in either the fore and aft or the sideways direction the phenomena 
depend on a ratio, or an angle (which is the same thing) and that under these condi- 
tions the phenomena are not speed-dependent. It is only when substantial or com- 
plete slippage arises that the phenomena are speed-dependent. 

Sufficient evidence has been put forward to establish the point made at the outset, 
namely, that tangential forces and movements within the tyre-to-ground contact 
are of primary importance. 
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INTRODUCTION 
Two parameters are characteristic for the abrasion of vulcanized rubber: the first 
is a decrease of bulk M and the second is a distance y between peaks formed in the 
process of abrasion on the vulcanized rubber surface. According to SCHALLAMACH! 
the relation between these parameters is given by the following equations: 


Ip 
M = const E (1) 
P\1/3 
vy = const (Z) (2) 
M = const #3 (3) 


where P is the nominal specific pressure and EF is the Young’s modulus for rubber. 

The SCHALLAMACH theory is based on the study of scratching vulcanized rubber 
with a blunt needle. 

SCHALLAMACH checked his theory by abrading vulcanized rubber on sandpaper, 
thus confirming eqn. (1) whose validity was already found out earlier®,*. 

However, there is an essential difference in the mechanisms of vulcanized rubber 
abrasion with sandpaper or with a blunt needle. In the first case a gash occurs in the 
upper layer of vulcanized rubber, facilitating further abrasion, whilst treatment 
with a blunt needle produces deformation of rubber. It is of interest therefore to 
establish the laws!-? governing the abrasion of vulcanized rubber by a surface 
causing deformation of vulcanized rubber without gashing. Such an abrasive is a 
wire gauze, which can be conceived as a system of blunt needles, particularly if the 
wear of vulcanized rubber is due to friction against meshes of the gauze. 


References p. 132 


128 S. B, RATNER, V. E. GOOL, G. S. KLITENICK VOL. 2 (1958/59) 


EXPERIMENTAL 


Tests were made on rubbers of similar composition; their properties were changed 
over a wide range either through changing the nitrile content in butadiene-nitrile 
rubber (B, C, D) or by means of swelling of the rubber in dibutylphthalate or by 
varying the loading of the rubber. The types of rubber selected made it possible to 
vary over a wide range the character and intensity of intermolecular interaction, 
the structure characteristics remaining unchanged. The physical properties of these 
rubbers were investigated in detail®,®. 

Butadiene rubber (SKB) (A) was selected as a prototype of a rubber having 
minimum polarity though it also markedly differs from butadienenitrile (SKN) by 
the ratio of its 1,2- to 1,4-diene structural unit. 

Abrasion was studied on a Grasselli apparatus. Steel gauze with meshes 1 x I mm? 
in size and 0.25 mm wire thickness served as an abrasive surface. 


-Q6) 


ie) 
1.5 phe = -0.9 


Aah log des 0.8 log N 
Fig. 1. Relation of wear (a) and distance Fig. 2. Relation of wear (a) and dis- 
between peaks (b) versus deformation for tance between peaks (b) versus the 
vulcanized rubbers of different polarity. A load for vulcanized rubber B with 
is vulcanized rubber on an SKB base; different degrees of swelling. (Fig- 
E = 30 kg/cm?; B is SKN-18; E = 37; C ures by the straight lines correspond 
is SKN-28; E = 45; D is SKN-36; E = 50. to percentage of swelling). 


By the application of gauze swollen vulcanized rubbers can be studied: this is 
impossible in the case of abrasion with sandpaper, since the latter becomes clogged 
and its abrasive properties are thus altered. As can be seen from Figs. 1 and 2 


— a 
M =const N (4) 


; y = const NB (5) 
where N is the total normal load. 
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The values a and f, determined as slope tangents of corresponding straight lines, 
show that contrary to SCHALLAMACH’s theory a =4 1 and £ =—1/.> thus @ attains a 
value of 4 (and even of 6 for very hard rubbers). 


RESULTS 


A definite relation is characteristic for the changing of a and 6 (Fig. 3). Both values 
decrease with decreasing polarity of a vulcanized rubber (when changing from vul- 
canized rubber D, made of SNK-36 rubber, to vulcanized rubber A, on an SKB 
rubber base), 7.e. with weakening of the intermolecular interaction, particularly for 
non-polar vulcanized rubber A, where a and f are close to theoretical values (curves 
T and 2, Fig. 3). 


10 20 30 40 CN %o 


Fig. 3. Variation in the exponent a ( ) and f (----) on changing of rubber polarity (1-2) and 
of the degree of swelling (3-7); the relation a/B is given on the straight line 8. Lower scale on the 
X-axis: the increase in polarity with % CN, upper scale: % swelling Q. 


Moreover, analogous results were observed onswelling (Figs. 2 and 3), since anincrease 
of the ratio of swelling also leads to a weakening of intermolecular interaction. It 
should be pointed out that the data quoted above cannot be considered as a definite 
estimate of intermolecular interaction. The decrease of polarity or the increase in the 
degree of swelling is known to be followed by a decrease in modulus of the vul- 
canized rubber. 

Consequently, experiments were made on rubbers loaded with different amounts 
of carbon black (and other types of carbons), increasing the hardness of vulcanized 
rubber; intermolecular interaction can not be increased, however, owing to poor 
adhesiveness of the loading material. It can be seen from Fig. 4 that @ does not 
depend on loading, though the modulus of vulcanized rubber is changed by a factor 
of three*. A similar phenomenon may be observed on changing the curing time 
(Fig. 5). Thus @ depends on the strength of molecular interaction, but not on the 


deformation of the rubber. 


* Increase of the slope of the angle for rubbers containing more than 100 parts (by weight) of 
carbon black is due to the specific macrostructure of the vulcanizate, the amount of rubber 
becoming insufficient for enveloping the excess of carbon black particles. 


References p. 132 


130 S. B. RATNER, V. E. GOOL, G. S. KLITENICK VOL. 2 (1958/59) 


3.0, 


2.0 


1.0' 
-0.4 ce) 0.4 


08 jog w 


Fig. 4. The effect of loading on the wear of vulcanized rubber B containing different amounts of 
thermal carbon black. Figures by straight lines show the amount of weight parts of carbon black 
per 100 parts of rubber. 
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Fig. 5. The effect of loading on the wear of neoprene with lamp black at different curing times. 


DISCUSSION 


In spite of the fact that values of a and f greatly differ from theoretical ones, 
their ratio is a/f = 3 (Fig. 2, straight line 8), in accordance with eqn. (3). But since 
a =~ 1 the relation of wear resistance for comparable vulcanized rubbers may be 
reversed on transition from small to high loadings (Fig. 2). It can be seen still more 
distinctly, if wear is considered in relation to value N/E proportional to the degree 
of vulcanized rubber compression. 

As can be seen from Fig. 1, hard vulcanized rubbers are less abraded at low degrees 
of compression and more abraded at high degrees, as compared with soft rubbers. 
This is important from the standpoint of selecting vulcanized rubber for working 
conditions. The ratio of wear values for a given vulcanized rubber is maintained 
References p. 132 


VOL. 2 (1958/59) ABRASION OF VULCANIZED RUBBER 131 


under different loads only if a =1. But usually the loads applied to vulcanized 
rubbers in laboratory tests differ from those under operating conditions; and further, 
these loads are varied in a very wide range during the work of the same type of 
article. 

The problem of load differences in tests and in exploitation would have been of 
no importance if the characteristics of wear were invariant (independent of load). 
An invariant characteristic K for abrasion of vulcanized rubber against sandpaper 
was proposed. It was called abrasion ratio K = M/N. On abrasion of vulcanized 
rubber against gauze in accordance with (4), at a 4.1 the invariant constant will 
be expressed by ratio M/N4 = K;; this ratio may serve as a coefficient of the abra- 
sion of vulcanized rubber for a general case. 


TYPES OF WEAR 


Comparison of results obtained during the abrasion of vulcanized rubber against 
gauze and sandpaper shows a characteristic difference between them: whereas a 
strong power function describes the abrasion against gauze, the dependence of 
abrasion of vulcanized rubber against sandpaper?,3,4,8 upon load is almost linear 
(a =~ 1). This fact was also confirmed® for vulcanized rubbers A, B, C, D. 

The difference in @ values for gauze and sandpaper may be connected with the 
differences in the mechanism of abrasion of vulcanized rubber against these surfaces. 
Abrasion against sandpaper is connected with the penetration of abrasive grains 
into the upper layer of vulcanized rubber, followed by notching of this layer by the 
sharp edges of the grains. Later, notched surface particles are torn away. The abra- 
sion of vulcanized rubber against gauze is connected with the indentation of a 
certain volume of vulcanized rubber into the cells of gauze, followed by stretching 
of this bulk and finally tearing off of pieces of the rubber. As deformation and 
tensile properties of vulcanized rubber greatly depend on its composition® (and on 
the degree of swelling) this may be connected with changing of a. It is interesting 
to note that a increases with increasing activity of the filler. Thus after introduc- 
tion of 50 parts (by weight) of carbon black the value of @ for rubber C, on changing 
from thermal carbon black to ‘lamp black’’, ‘‘furnace black’’, ‘‘spraying black’’, 
“channel black’’ will be 2.1, 2.3, 2.4, 2.7, 3.1, respectively. 

Taking @ as a criterion of the mechanism of vulcanized rubber wear, the follow- 
ing tentative classification may be proposed. 

(a) ‘Cutting wear’, which takes place owing to the notching of the vulcanized 
rubber surface. For example, treatment of vulcanized rubber on a lathe, wear at 
a roughly worked metal surface, as well as the undercutting of the wear groove in a 
rubber sleeve coupling with arfangle®. Since this process practically amounts to pure 
cutting, the rate of wear will not depend on the load (but only on the rate of cut- 
ting tool movement), ¢.g. a ~ 0. This type of damage is, however, not “wear’’ in 
the conventional meaning of the word. 

(b) ‘Abrasive wear’’ (against sandpaper, sand and gravel coverings). In this case, 


as was stated above, a ~ 1. This was checked for sandpaper’)*,4,7. 
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(c) ‘Wear against gauze’’ and relatively smooth metal surface, where @ > I. 
This was checked for gauze as shown above. This kind of wear is intermediate be- 
tween (b) and (d). 

(d) ‘Deformation wear’ occurs owing to stretching and tearing of upper segments 
of vulcanized rubber surface, as a result of contact with a very smooth surface 
moving along the vulcanized rubber (glass, vulcanized rubber, polished metal, etc.). 
In this case value a is expected to be very high and the smoother the surface the 
higher the value. 
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FRICTION AND WEAR PROPERTIES OF TITANIUM 


by 
P.D. MILLER anv J. W. HOLLADAY 


Battelle Memorial Institute, Columbus, Ohio (U.S.A.) 


SUMMARY 


All of the lubricants evaluated, with the possible exception of fluorocarbons, are ineffective in 
reducing the galling of bare titanium metal. However, many of the wear problems have been 
minimized by coating the surface of the metal and then lubricating this surface. Thus, the wear 
resistance of the metal can be improved by oxide, nitride, and carbide case hardening and coatings. 
Chemical conversion coatings such as fluoride, phosphate, and anodized coatings help retain the 
lubricant and improve the resistance to galling. 

The most satisfactory procedure for preparing titanium surfaces for severe service is by the 
application of metallic coatings. Of the coatings tested, nickel has given the best results to date. 


RESUME 


Aucuns des lubrifiants étudiés 4 moins que ce ne soient les fluorocarbones, ne sont capables de 
prévenir la saisie ou l’usure par frottement (galling) du titane nu. Cependant les problémes de 
Vusure sont réduits au minimum si un revétement est appliqué au métal et cette surface lubrifiée. 
La résistance a l’usure du métal peutétre est améliorée en se servant de revétements d’oxide, de 
nitrure, ou de carbure. Les revétements d’origine chimique tels que fluorure, phosphate, ou ano- 
dique aident a la retenue du lubrifiant et a prévenir la saisie ou le frottement. 

La facgon la plus satisfaisante pour préparer la surface du titane est l’emploi de revétements 
métalliques. De ces revétements, le nickel a donné, jusqu’a présent, les meilleurs résultats. 


Titanium, a metal which only recently became commercially available, has many 
desirable properties. It is relatively light in weight considering its great strength and 
it exhibits high resistance to many severely corrosive conditions. Its lack of wear 
resistance and a susceptibility to galling and seizure have presented problems at some 
stages in its fabrication and in certain technological uses. 

All metals gall to some extent, but usually the tendency can be minimized by 
proper configuration of mating surfaces, careful selection of lubricants, and by 
choosing compatible metals. Unfortunately no combination of metal surface and 
lubricant has been found which will give satisfactory service against bare titanium. 
To date, the most effective method of preventing galling of titanium has been by 
modifying its surface with metallic or conversion coatings. 

The present discussion is based primarily on Report No. 34 from the Titanium 
Metallurgical Laboratory! which summarizes the state of the art up to about one 
year ago. Several pertinent developments which have occurred more recently are 


also presented. 


References p. I40 


134 P. D. MILLER, J. W. HOLLADAY VOL. 2 (1958/59) 


GENERAL OBSERVATIONS REGARDING THE WEAR OF TITANIUM 


Titanium and its alloys are particularly susceptible to the type of wear in which 
metal is transferred from one surface to the other. Various investigators such as 
ALMAN? and Macutty3 have proposed logical explanations of how wear takes place. 

Wear by metal transfer may be explained by at least three mechanisms: mechanical 
action, liquid-phase welding, and solid-phase welding. The first two mechanisms are 
somewhat responsible for seizing and galling, but usually to a lesser degree than 
solid-phase welding. Solid-phase welding may be pictured as follows. Two metal 
surfaces are in relative motion against each other. The rubbing friction causes local 
high temperatures, though still far below the melting point of the metals. Even with 
low applied loads, high pressures are developed at the very small areas of actual 
contact. If an oil film is present, the film is destroyed by a combination of heat, 
mechanical action, and pressure. An oil or oil-type film on titanium is easily broken 
down because of the poor adherence of oil to the metal surface. If there is a thin or 
weakly adherent oxide or other type of chemical film on the surface, it is destroyed 
in the same manner. This cleaning action permits contact between two freshly 
cleaned metal surfaces. Seizing, by solid-phase welding, occurs at these small areas 
of contact even at relatively low temperatures. Plastic and elastic deformation of the 
metal, which are temperature-dependent, facilitate seizing by increasing the actual 
contact area. Since the two surfaces continue to move and the welded areas are small, 
the metal is torn apart, leaving the projections and grooves which characterize the 
galling type of wear. The metal may be sheared from either or both of the rubbing 
surfaces so that transfer may be in either direction. All metal combinations solid- 
phase weld to some extent even if they are mutually insoluble*. Severe solid-phase 
welding and galling are encountered when both rubbing surfaces are titanium?,®,®, 
In fact, few metals or alloys have been found which do not gall severely when run 
against titanium. Notable exceptions are coin silver (Ag-10Cu) and babbitt (No. 2 
grade) which showed slight scoring and no galling when run against the titanium 
alloy Ti-4Al-4Mn’. 

Quantitative data have been obtained on the transfer of titanium to itself and to 
other metals®,*. The rate of transfer was obtained by measuring the increase in 
radioactivity on a surface caused by a rider that had been irradiated. The data for 
unalloyed commercial titanium (Ti-75A) under one kilogram load are as follows: 


Metals in contact Coe/ictent gow’ 

of friction glcm of track 
Titanium on titanium 0.47 2.5:1078 
Mild steel on mild steel 0.53 7.5:1078 
Stainless steel on stainless steel — 2.5:10-8 
Copper on copper 1.1 10-10-86 
Titanium on mild steel 0.25 10-107? 
Titanium on copper a 6-1077 


Mild steel on copper — 1.5:1077 
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These data show that the coefficient of friction and the wear on unlubricated 
titanium against titanium are low in comparison to other metals rubbing against 
themselves. The friction results for titanium on steel are normal but wear is rather 
large for unlike metal couples. 

Apparently, galling of titanium is not caused by a critical load, by speed, or by a 
combination of the two. The process of galling appears to take place in repetitive 
steps of smoothing (running in) of the surface and then roughening. The smoothing 
cycle is less effective each time®. At heavy loads galling is often instantaneous. 

Many physical and mechanical properties, including wear resistance, can be 
changed by alloying. However, the alloys of titanium that have been developed and 
wear-tested exhibit, in general, the same poor wear characteristics as the unalloyed 
metal. It has been shown that the type of structural phases present has little influence 
on wear resistance1®. The alloys Ti-6Al-4V, Ti-6Al-4Mo, and Ti-4Al-2.5Sn were 
heat-treated to give alpha, alpha-beta, and beta structures. All of these structures 
showed equally poor wear resistance. Variations in hardness from Rockwell C32 to 
C41 likewise were not significant?®, 


NATURE OF THE SURFACE OF TITANIUM 


A possible explanation of the frictional and adhesive properties of titanium is 
furnished by a consideration of the nature of titanium surfaces. 

From measurements of the coefficient of friction of clean titanium both in the 
presence and the absence of air, MACHLIN!! concluded that there was no oxide film 
on the surface of titanium. He attributed its absence to the low rate of decomposi- 
tion of oxygen molecules at the surface. However, an oxide can be formed if the 
titanium is heated to an elevated temperature. 

Experiments made by FARNSWORTH, SCHLIER, AND GEORGE” led to an opposite 
conclusion. They failed to obtain an electron diffraction pattern for metallic titanium 
from a titanium surface and thus demonstrated the presence of a film on the surface. 
Bombardment of the surface with inert gas ions in a high vacuum cleaned the surface 
and gave the pattern for titanium. Exposure of the surface to air reformed the film 
and the pattern for titanium was no longer obtained. They concluded that the surface 
was covered with a chemisorbed layer of oxygen and nitrogen. 

Measurements of oxygen overvoltages during passivation studies of titanium 
indicate that three oxygen atoms are present on the surface for each titanium atom. 
The data indicate an irreversible chemisorption process which results in a closely 
packed layer of neutral oxygen atoms??. 

Rowe! cleaned the surface of titanium by heating in a high vacuum until some 
of the surface metal had evaporated. The coefficient of friction rose to 1.5, whereas 
it was about 0.5 for titanium before evaporation of the surface. 

It is now clear that ordinarily prepared titanium is covered with a layer of absorbed 
gas that reduces the coefficient of friction but does not prevent galling and seizing. 
This film also prevents adhesion of ordinary lubricants and is responsible for the 
nonadherence of electroplated metallic coatings. 
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COATINGS AND LUBRICANTS FOR PREVENTING GALLING 


Direct application of lubricant 

RABINOWICz!5 has shown that many of the more commonly used liquid lubricants 
are totally ineffective when used on titanium. Potential lubricants were evaluated 
by coefficient-of-friction measurements of lubricated titanium-to-titanium surfaces. 
The titanium was the commercially pure type RC-70. The instrument used con- 
sisted of a 1/4 inch rod with a spherical end forming a rider which rested on a flat 
rotating disk. The sliding speed was 2 feet (61 cm) per minute and the load was 
2.2 pounds (1 kg). 

Table I shows the various lubricants that were evaluated, along with the corre- 
sponding coefficient of friction values!®. It can be seen that only a few produced any 
marked decrease in friction from that of unlubricated titanium. In no case was 
lubrication good. 

Studies of liquid lubricants made since RABINOWICz’s data were published confirm 
his conclusions. Only halogenated compounds, either organic or inorganic, appear to 
be effective in lubricating bare titanium. Halocarbon 11-14 was the most effective 
lubricating oil. These halogenated compounds, especially those containing fluorine, 
penetrate the oxide layer and chemically attack the titanium surface. The bond 
formed is sufficiently strong to hold the lubricant on the surface. Not all halogenated 
compounds are equally effective. Straight-chained hydrocarbons with halogen atoms 
distributed along the molecule are more effective than cyclic halogenated molecules. 
Simple inorganic halides such as KF and Cdl, are somewhat less effective. 

Solid lubricants such as graphite and molybdenum disulfide have some effective- 
ness on bare titanium surfaces. As is true for the liquid lubricants, no strong natural 
bonding takes place. At very low loads, most of the solid lubricants furnish some 
improvement, but heavy loads quickly cause a break-through and metal-to-metal 
contact!®, Considerable improvement can be had by bonding solid lubricants to the 
metal with resins or lacquers}. 


Coatings formed by reaction with interstitial atoms 


Hard coatings are formed on metals by reactions with the interstitial elements 
nitrogen, carbon, oxygen, hydrogen, and boron. The surfaces formed are usually 
much harder and more wear-resistant than the body of the metal. 

Many attempts have been made to surface-treat titanium with each of the inter- 
stitial elements. Sporadic success has been achieved in laboratory studies. However, 
except for cyaniding and nitriding, these coatings have not been useful in applications 
in which severe wear conditions are encountered, 

Cyanided titanium has shown some success in gear application’. Wear data ob- 
tained on a Falex wear tester are presented in Table II to illustrate the type of 
results obtained with cyanided surfaces!’, 

One limitation of these coatings results from the difficulty in obtaining a suffi- 
ciently thick, adherent coating at a relatively low temperature. If the temperature 
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TABLE I 


COEFFICIENT OF FRICTION VALUES FOR LUBRICATED TITANIUM SURFACES (4) 


Lubricant Coefficient of friction 
Unlubricated surfaces 0.49 
Pure hydrocarbon mineral oils and commercial mineral oils 0.45 to 0.47 
(viscosities between 50 and 10,000 centistokes) 
Higher viscosity oil 0.41 


Long-chain hydrocarbon derivatives 


Octadecyl alcohol in cetane 0.40 
Oleic acid 0.42 
Octadecyl chloride 0.43 
Butyl sterate 0.48 
N-hexadecylamine in cetane 0.48 
Palmitic acid in cetane 0.48 
1/16% ferric stearate in an oil 0.53 
Commercial greases 0.49 


Reactive inorganic liquids 


Caustic soda in water Little less than 0.49 
Iodine in alcohol Little less than 0.49 
Hydrogen sulfide in water Little less than 0.49 
Potassium nitrite in water 0.49 


Synthetic long-chain compounds 


Silicone oils (Dow-Corning) 0.43 
Polyethylene glycol 0.26 
Polypropylene glycol 0.33 
Ucon 25-H-1400 (polyalkylene glycol derivative, water- 

soluble) (6) 0.31 
Pluronic L-44 (polyalkylene glycol, water-soluble) (6) 0.36 


Sugar solutions 


Molasses (high concentration) 0.32 
Honey (high concentration) 0.32 
Maple syrup (high concentration) 0.32 
Above sugars (low concentration) 0.49 


Halogenated hydrocarbons 


Methylene iodide 0.18 
Halocarbon 11-14 (chlorofluoro carbon, viscosity 

6.5 centistokes at 100° F) () 0.21 
s-Tetrabromoethane 0.25 
1,2,3-lribromopropane 0.27 
Carbon tetrachloride 0.34 
1,2,4-Trichlorobenzene 0.48 
1-Bromopropane 0.55 
Dilute solutions of the above 0.46 to 0.49 


(a) Tests were run using a rounded 1/4-inch titanium rod loaded to 2.2 pounds and placed on a 


titanium disk moving at 2 ft./min. 
(b) Ucon is a product of Union Carbide and Carbon Corp, Pluronic is made by Wyandotte Chemi- 


cals Corp., and Halocarbon is marketed by Halocarbon Products Company. 
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TABLE II 
WEAR DATA OBTAINED ON A FALEX WEAR TESTER! 
Weight loss on pin, mg(@) 
Pin V-Block Mineral oil Bi Plexol sue Halogenated 
MIL-0-60820) rr 08500 20r(c) Sphinn hydrocarbon 
Steel Steel 11,72 2.0 Ley Welded 0.6 
Steel Ti-150A 3.6 9.4 6.3 Welded 2.0 
Ti-150A Ti-150A 403.8 362.5 391.6 391.0 0.2 
Ti-150A Cyanided Ti-150A 444.8 _- — a — 
Cyanided Ti-150A Ti-150A 297.2 — — — — 
Cyanided Ti-150A Cyanided Ti-150A 0.5 — 0.2 — 0.0 
Cyanided Ti-150A Steel 0.2 0.3 O.1 0.2 O.1 
Steel Cyanided Ti-150A Si a= — —- 17 
Steel C-130AM 2.4 — 8.3 _- ea 
C-130AM C-130AM 2860.5 203.3 278.4 208.6 0.2 
Cyanided C-130AM Cyanided C-130AM 1.1(4) a 0.3 ~ 0.3 
Cyanided C-130AM Steel 0.2(4) 0.2 0.2 0.2(4) 0.3 
Steel Cyanided C-130AM 4.6 L2° 7 6.5 383.7 13 
Steel 3Al-5Cr — — 10.1 _— 0.9 
3Al1-5Cr Steel 526.4 — 506.8 —- 0.3 
3Al1-5Cr 3Al-5Cr 330.6 0.0 o.1 264.8 O.I 
Cyanided 3A1-5Cr Cyanided 3Al-5Cr 216.9 — 0.5 — 0.2(@) 
Cyanided 3Al-5Cr Steel 162.3 0.3 0.4 58.14) 0.3 
Steel Cyanided 3A1-5Cr 4.3 21.2 — — 


(2) Conditions of tests: load, 250 lb.; time, 30 min.; room temperature. 
(5) Military specification for a lubricating oil, aircraft engine grade. 

() Di-2-ethylhexyl sebacate. 

(4) One run only. 


is raised enough to obtain a thick coating, the mechanical properties of the titanium 
metal are impaired. 

Oxide coatings, however, can be produced at low temperatures and are effective 
in overcoming galling for some nonsevere applications. 


Metallic coatings 


Metallic coatings have been applied to titanium by all of the common techniques 
such as electroplating, dip coating, flame spraying, and cladding. Metallic coatings 
produced by these techniques include Ni, Cr, Co, Fe, Al, Ag, Cu, Pb, Sn, Au, Cd, Zn, 
Mn, steel, and tungsten carbide. 

Successful application of a metallic coating removes the problem of friction and 
wear of titanium itself. Consequently, details covering the techniques of applying 
these coatings and their lubrication will not be discussed here. However, this informa-. 
tion is contained in the publications of the Titanium Metallurgical Laboratory!,18,19, 

The various coatings have been successful for limited applications during the pro- 
cessing of titanium and for oxidation resistance. However, for preventing seizing, 
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galling, and wear during sliding contact, electroless nickel has been the best coating 
developed and has given the most consistent results. Chromium-plated titanium 
shows the good wear characteristics of hard chromium when an adherent plate is 
obtained. Up to the present, the achievement of adherent chromium plates has been 
so inconsistent that chromium plating cannot be considered as a reliable coating 
process for titanium!?®. 


Chemical conversion coatings 


Chemical or electrochemical surface treatments, by which a layer of a chemical 
compound is formed on the surface of the metal, provide good wear-resistant surfaces 
for some applications as long as a lubricant is present. These coatings are usually 
harder than the metal, resist plastic flow, and eliminate the metal-to-metal contact 
areas which cause seizing. They also improve the retention of lubricants. A well 
known example of this class is phosphating which is used in cold forming operations 
for steel. 

Inorganic chemical conversion coatings have proved to be of considerable value in 
decreasing the galling tendency of titanium. In addition to their relatively low cost, 
these coatings have the advantage that they can be produced at temperatures well 
below those which cause structural changes in the metal. Such coatings are of more 
value for the processing of titanium than for applications involving long-time wear. 

A fluoride coating improved the retention of liquid and solid lubricants in wire 
drawing, extrusion operations, and forming titanium sheet?°-28. The coating was 
not of particular value for continuous sliding contact and was not effective for gears. 
Greatly improved wear resistance was produced by heating the piece with the 
fluoride coating for about 3 hours in air at 800°F (427°C). 

The commercial process ‘‘Bonderizing’’ has been successfully used to reduce 
seizing in the deep drawing of titanium?4. Dry-film lubricants were used on 
the coatings. 


CONCLUSIONS 


Bare titanium galls and seizes readily when in sliding contact with itself and most 
other metals. Ordinary lubricants are not effective, but halogenated hydrocarbons 
and simple inorganic halogen compounds provide some benefit in reducing this 
galling. 

In general, titantum wear and lubrication problems can be partially overcome by 
modifying the surface of the metal and lubricating this surface. Metallic coatings 
furnish the best solution for overcoming seizing and galling. Nickel coatings are the 
most effective. Techniques for applying other metallic coatings have not been 
developed to the same degree as for nickel. Probably the most effective nonmetallic 
coatings now available are cyanide, nitride, and fluoride compositions. 
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ABRASIVE EFFECT OF THERMOSETTING MOULDING COMPOUNDS 


WEAR RESISTANCE OF STEEL AND CHROMIUM-PLATED STEEL IN PLASTIC MOULDS* 


A. LUNDBORG 


AB Alpha, Sundbyberg (Sweden) 


Testing methods for examining the wear of moulds when moulding thermosetting 
compounds have existed for some time, but only since the introduction of radioactive 
tracing techniques have methods been available that are simple and rapid. The 
design of one such method and the results obtained with it will be described in the 
following. 

The principle implies that by means of a plunger in a cylinder a determined amount 
of preheated moulding compound, is extruded through a radioactive nozzle. The 
intensity of the radioactivity of the strand obtained is a measure of the abrasive 
effect of the compound or conversely of the wear resistance of the nozzle material. 
(The design of the extruding equipment is described in the original paper.) 

When making the nozzle, special precautions have to be taken, so that no parti- 
cles from the cutting tools adhere to the surface. If possible, for machining the nozzle, 
tools should be used that are made from the same steel as the nozzle itself; hes 
natively, for the last finishing alumina grinding wheels may be used. 

A small quantity of chips from the turning is retained for making a standard. 
If necessary, the chips are strongly etched to remove foreign matter. 

The nozzle with some chips placed in the center hole is activated in an atomic 
reactor with about 1o!? neutrons/cm? sec for ro days. The activation, which is 
made with the nozzle in a container with silica gel in order to reduce the corrosion, 
gives for steel mainly a y-radiating isotope **Fe with a half-life of 45.1 days. 
The mechanical strength of the steel will not be changed by this short radiation. 

The nozzle will obtain an activity of only about 6 mC, but it must be handled 
by means of special grasping devices. In addition, precautions taken in radiological 
work must be observed. 

For measuring the radioactivity a scintillation counter (detector) is used ; it consists 
of a hollow crystal, a photomultiplier connected to an amplifier, and an impulse 
counter (scaler) with a preset count unit. The last two are so connected, that the 
accurate time is obtained after a predetermined number of impulses has occurred. 
Further, one needs an analytical balance with 0.1 mg accuracy and a number of 
aluminium capsules with stoppers for enclosing the specimens when measuring. In 


* Condensed by the author from original paper published in German in Kunststoffe, Jan. 1958. 
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some cases it is necessary to use an oven and crucibles for ashing the specimens at 
1,100°C. 

A wear test is performed as follows: a predetermined quantity (about 15 g) of the 
actual moulding compound is extruded under the most favorable conditions (for 
details see the original paper). The strand obtained is broken into small pieces and 
weighed. If the abrasive effect of the compound is high the radioactivity may be 
measured directly. Inthat case an adequate number of pieces of the strand are dis- 
tributed in aluminium capsules of which the fractional activities are measured and 
then summed up. If the compound has only a slight abrasive effect the volume of the 
strand must be reduced. In most cases it will be sufficient to ash one specimen; 
occasionally the ash of 5-10 specimens will be needed. 

For determining the total weight of the steel which is worn off from the nozzle 
a standard is prepared from chips activated simultaneously with the nozzle. 
About 5 mg of chips are weighed accurately and dissolved in hydrochloric acid which 
is diluted to a determined volume. Of this solution a known volume is poured into 
a glass ampoule which is sealed and then put into an aluminium capsule. The steel 
quantity is chosen so that about 4-104 impulses/min are obtained from a newly ac- 
tivated standard. This corresponds to about 200—400 yg steel. 

At certain intervals the activities of the standard and the background are measur- 
ed. For the standard the time is measured for 10° impulses and for specimens and 
background that for 104 impulses; the impulse numbers per min are then calculated. 
After the impulse numbers of standard and specimen have been reduced by that 
of the background the steel content of the specimen is obtained, since the steel 
quantities are proportional to the activities. To obtain a specific magnitude of the 
abrasive effect the total steel weight (in wg) is divided by the strand surface (in 
dm?) t.e.the surface that has been in contact with the hole in the nozzle. The dimension 
will thus be wg steel/dm?. 

The proportional standard error when determining the activity of the specimen 
is + 5% if the number of impulses of the specimen is 33% greater than that of the 
background and + ro% when that proportion is 15%. 

Good results may be obtained also with nozzles several (6 to 7) months old, when 
the activity is only about 10% of the original. The half-life may sometimes be ex- 
tended by the presence of cobalt (then in the form of ®°Co) more or less as an im- 
purity in the steel. This has no influence on the results since the activities of nozzle 
and standard will decline at the same rate. 

Table I shows the abrasive effect of some moulding compounds with different fil- 
lers. It was formerly assumed that the content of ashes (e.g. inorganic components), 
especially of phenolic compounds filled with wood flour, influences the abrasive 
effect. For that reason the ash content is also given. No correlation, however, seems 
to exist between the two factors, but the wear must depend on the quality (hardness 
and shape) of the wearing particles rather than on their quantity. To some degree 
this was confirmed by the following test. To a compound with negligible abrasive 
effect was added and mixed 1% carborundum, one specimen with the grain No. 
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TABLE I 


TESTING THE “‘ABRASIVE EFFECT’’ OF MOULDING COMPOUNDS 


Moulding compound 


Steel Ash Number Steel quantity 
nozzle* mark type content of tests worn off Remarks 
No, filler resin a Lugldm* ** 
6 A45A wood flour phenolic 11.9 8 6.5 + o9 
A35B wood flour phenolic 1.8 6 70+ 2.3 
A11D wood flour phenolic 2.4 5 0.3 Specimens mixed before 
measuring 
10 T3 Idem; extruded with short 
preheating and higher pres- 
sure 
A16D wood flour phenolic 1.7 5 0.3 Specimens mixed before 
measuring 
4 7765 wood flour phenolic 3.7 5 I.I Idem (described as ‘“‘low 
eroding’’ by supplier) 
7766 wood flour phenolic _I.9 5 po} Idem 
6 C13A_ asbestos phenolic — 2 8.0 
C13B_ mica Phenolic 60.9 5 24.5 +10 
4 04+ 7.5 Different batches 
4 99+ 3.8 
B13C cotton thread phenolic — I 6.2 
4 F51A_ mineral alkyd — 5 164+ 5.2 Fast curing, not fit for ex- 
trusion 
6 D26C_ cellulose melamine 
urea — 10 0.02 Specimens mixed before 
measuring 
D26D_ cellulose urea — 10 O.1I Idem 
E26K cellulose melamine — Io 0.05 Tdem 


* The wear resistance of the two nozzles is about the same. The values obtained are comparable. 
** Confidence limits with 1% risk. 


220 and another with No. 320. The abrasive effect was about 16 and 26 mug/dm? 
respectively, demonstrating that the finer grain presented more cutting edges. 

As already mentioned, all tests except one were performed under the best moulding 
conditions. In order to see whether insufficient preheating could be compensated by 
a higher pressure the compound A1rD was extruded under such conditions: the 
wear increased from 0.3 to 1.3 ug/dm?, i.e. four times. For the mica-filled com- 
pound Cr3B, three different values are given for three different batches. The struc- 
ture of the fillers has not been examined in detail. 

Notable is the very slight abrasive effect of the aminoplastic compounds D26C, 
D26D and E26K, despite the higher pressure needed for extruding these materials, 
compared with wood flour phenolic compounds. 

For the above-mentioned tests the nozzles Nos. 4 and 6 were used (see below). 
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WEAR RESISTANCE OF MOULD STEELS AND CHROMIUM-PLATED STEEL 
If a certain moulding compound is used as a standard and is extruded through 
radioactivated nozzles of different steels or through a chromium-plated nozzle, com- 
parative numbers for the wear resistance may be obtained. 
Until now the following nozzles have been examined (see Table II). 


TABLE II 


PROPERTIES OF STEELS TESTED IN NOZZLES 


ies Hardness 
O2z 


No. pte pe Vickers Rockwell C , 
3 0.35 C 1.0 Cr 1.0 Al 0.3 Mo nitrated steel 1197 

4 2.0 C 13 Cr 1.0 Wo 63 

6 0.55 C 1.5 Cr 3.0 Ni 58.3 

i = No.6 + 4-54 Cr-plated P re 

8 59.8 

9 = No. 6 44.3 
10 29.4 


As standard for nozzle No. 7 the same chromium trioxide was used as in the plating 
bath and dissolved in distilled water. The weight of this standard was about 25 ug 
at about the same activity as the steel standards. 

As a control that the chromium coating was not broken through, the activity of 
the strand was measured immediately after the extrusion and then 8—10 days later. 
Since the half-life of ®*Fe is 45.1 days and that of *!Cr 27.8 days, eventual 
traces of Fe may be detected if the activity of the specimen after the second measuring 
has not decreased at the same rate as that of the iron-free standard. This was never 
found to occur. 

A mica-filled phenolic compound was used as a test compound. This is so abrasive 
that combustion and errors due to this method of concentration may be omitted. 
Two different batches have been used, one for the nozzles 3, 4, 6, 7 and another for 
for 8, 9, 10; hence the difference for the nozzles 6 and 8, the quality of which should be 
the same. The variation between the two batches, however, corresponds to the varia- 
tion already stated in Table I. Further, some nozzles were tested with highly abrasive 
wood-flour-filled phenolic compounds. The results are given in Table III. 

The steel quality of nozzle No. 6 has up to now been used to a great extent for 
moulds, while steel No. 4, which is more expensive but may be hardened to greater 
hardness, has been used when a more wear-resistant material was desired. The 
experiments show that there is no correlation between wear resistance and hardness, 
at least when dealing with different types of steel. However, for one and the same 


steel the wear resistance strongly depends on the hardness, as can be seen from the 
results for nozzles 8, 9, and ro. 
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TABLE III 


ABRASIVE EFFECT OF PHENOLIC MOULDING COMPOUNDS ON DIFFERENT TYPES OF STEEL 


Confidence limits with 1% risk 


. Ash Steel quantity 
Moulding compound poe ee a noe worn ol ' 
C13B (mica) 60.9 3 10 12.0-+ 0.9 

4 7 39-4 + 10.5 

6 F 39-6 + 9.0 

7 7 2.4 + 0.6 

C13B (mica) 8 5 94+ 3.9 
(another batch) 9 5 15.0+ 4.6 
10 5 31.0 + 13.5 

A45A (wood flour) 11.9 4 2 8o+ 4.1 
6 8 65+ 0.9 

A35B (wood flour) 1.8 4 7 8.o+ 0.4 
6 6 70+ 2.3 

7 4 08+ o.7 


Indisputably, the chromium coating has the highest wear resistance. To obtain a 
good chromium coating, however, presents certain difficulties and this will be valid 
to a greater degree in replating a worn surface. 

The investigation shows that the lifetime of moulds can be prolonged very much 
by using adequate conditions. Strictly theoretically, for a wood-flour-filled phenolic 
compound it can be increased 20 times by selecting an adequate compound, 4 times 
by adequate moulding conditions, and 3 times by the steel type or ro times by the 
use of chromium plating. Multiplying these three factors with each other, a factor 
is obtained that is greater than 240 or 800. Since it is nevertheless very improbable 
that all unfavourable conditions will appear at the same time in processing, it is 
necessary to calculate with more modest numbers, but these are still sufficiently 
high to convince one of the advisability of selecting the right type of compound, 


mould steel and moulding conditions. 
Received August 16, 1958 
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Authors’ Abstracts 


RECENT PAPERS ON TYRE RESEARCH* 


Cornering Characteristics of Tyres — An Improved Method for their Determination 
V. E. Goucu (Dunlop Research Center, Birmingham) — Automobile Engr., 44 (1954) 
April, 4 pp.; (18 fig., no ref.). 

Until the present time there have been two main ways of plotting cornering force 
and self-aligning torques of tyres (a) against slip angle, (b) against load. These notes 
describe a new method of plotting that has advantages over both (a) and (b.). One 
chart suffices for both cornering force and self-aligning torque instead of the two 
properties being recorded on two separate graphs. 

A plot of cornering force versus self-aligning torque for a range of applied vertical 
loads (with curves of constant slip angle drawn in), is considered to be the character- 
istic curve for the tyre at a given pressure. The chart enables pneumatic trail (or 
tyre castor) to be read off readily in addition to permitting any of the graphical cal- 
culations possible on the earlier charts. The characteristic curve also gives information 
on the handling characteristics which arise from the tyre. Some typical characteristic 
curves are given. In addition, the method of investigating the effect of king pin castor 
on aligning torques (at the king pin) for a given tyre characteristic curve is described. 
It is graphical and simple. A number of cases are investigated and it is shown that 
even when the same maximum torque is achieved the handling characteristics may 
differ considerably. Cases involving load transfer are given, it being found that 
steering torques are always increased by load transfer. Load transfer can also alter 
the relation between various selections of tyre pressure and mechanical castor com- 


pared with the no load transfer case. In practice each requires to be investigated on 
its own merits. 


Practical Tyre Research 
V. E. Goucu (Dunlop Research Centre, Birmingham) — S.A.E. Trans., 64 (1956) 
310-318; (17 fig., 14 ref.). 
The following researches are discussed. 
1. Studies of distribution of force and movement within the tyre-ground contact 
area with the tyre operating at a slip angle. 
2. Studies of buffing patterns observed on worn tyre treads. 
3. A new method of presenting cornering properties of tyres, and its application. 
4. A picture of a traction or standing wave in a tyre on a flat road at high speed. 
The first three are clearly related, and while the fourth may not be directly related, 


it comes within the scope of the paper and is thought of sufficient general interest 
to be included. 


* See also the contribution by V. E. Gouau in this issue (p. 107). 
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Abraded Tyre Treads 


V. E. Goucu, J. H. HarpmMan and R. J. MacLaren (Dunlop Research Centre, 
Birmingham) — Trans. Inst. Rubber Ind., 32 (1956) 27-54; (24 fig., 9 ref., discussion). 

Both the surface texture and the worn profile of a tyre tread give information 
about the conditions of abrasion. The particular case of surface texture, in which 
the abraded tread surface is covered by a pattern of fine sawtooth ridges, is shown 
also to give direct information on the direction of tyre-ground movements at all 
points on the tread surface. 

Starting from the experimental fact that the greatest tyre wear occurs when a 
tyre develops a cornering force, during which action the tyre-ground movements 
are mainly sideways, it is shown how an arrow buffing pattern is developed on front 
tyres. A wide variety of other tyre operational conditions are considered and the 
buffing patterns to be expected are derived and found to agree with the appropriate 
practical cases. The various kinds of changes in tyre profile and other irregularities 
in wear are also discussed. 

The interpretation of the information on direction of tyre to ground movements, 
given by the buffing pattern jointly with that given by the worn shape of profiles, 
has been found to be useful to tyre technicians for both the study of practical tyre 
problems and of the fundamentals of tyre wear. 


Dunlop Cornering Force Machine 
V. E. Goucu and G. B. RoBerts (Dunlop Research Centre, Birmingham) — Tvans. 
Inst. Rubber Ind., 33 (1957) 149-177; (21 fig., 14 ref.). 

A tyre produces a cornering force when it operates at a slip angle. In the introduc- 
tion the paper describes some of the methods used by the authors’ company to 
measure the cornering properties of tyres during the last 20 to 25 years. These have 
included tethered cars and test machines with the loads measured hydraulically. 
Experience from these machines and related test rigs led to an understanding of the 
mechanism of the phenomena itself, a clarification of the terminology employed and 
a formulation of the basic principles to be observed in the design of a precision test 
machine. 

The machine described in some detail in the paper conforms to these principles, 
the most stringent of which are those relating to the location of the kingpin around 
which the tyre is steered, the absence of hysteresis in the load measuring devices and 
the maintenance of truly constant applied load. As a precision data producing 
machine was required and cornering properties are substantially independent of 
speed, a low speed test machine was possible thus minimising the wear and flexing 
of the tyres during testing, consequently obviating the changes which are caused by 
these effects on higher speed test machines. 

The test wheel is mounted on a steerable stub axle carried on a kingpin supported 
by an arm which can be set at a range of camber angles. This arm is attached to a 
horizontal beam so disposed as to measure cornering forces at test drum surface level. 
Links to maintain correct location and perpendicularity of the kingpin are attached 
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to load capsules which enable the drag component in direction of motion to be 
measured. The slip angle and steering torque are also measurable. 

Tyre loads are applied by a controllable constant pressure hydraulic system. All 
loads or forces are measured by rubber bonded, hysteresis-free, capsules. A system 
of air preloading is used so that forces in either direction can be measured. 

Graphs of typical findings on the cornering properties of tyres are included in 
the paper. These graphs include non-conventional plots of the data as these more 
conveniently summarise and present the data than do the more usual cornering 
force-slip angle curves. 

While the object of the paper is primarily to describe the machine and its principles, 
some aspects of the typical results are discussed briefly. 


Front Suspension and Tyre Wear 

V. E. Goucu and G. R. SHEARER (Dunlop Research Centre, Birmingham) — Jnst. 
Mech. Engrs. (London), Proc., Automobile Division, (1958) p. 1-46, (36 fig., 12 ref., 
discussions). 

Tyre wear depends very largely on the cornering forces which tyres are called 
upon to develop. A consideration of the effects of front suspensions on tyre wear 
involves a discussion of the effects of suspension and steering geometry on the slip 
angles developed at the two front wheels. 

The paper explains why a tyre, developing a cornering force, wears, and shows 
that the rate of wear increases rapidly with increase of cornering force. It then 
proceeds to a brief history of types of suspension. The two types predominantly in 
use are examined for such effects as changes of alignment and of track, which can 
cause the tyres to operate under slip angle conditions. 

The location of the track rod and the rigidity of the steering linkage are shown to 
be of importance. Such trends in vehicle construction which have improved stability 
have tended to increase front tyre wear in relation to that of rear tyres. The paper 
attempts to deal with matters of principle rather than of practical detail of design 
and construction, but it is shown that quite small changes of practical detail can at 
times have significant effects on tyre slip angles, and hence tread wear. 


Distribution of Sideforce and Sideslip in the Contact Patch of the Pneumatic Tyre 
D. H. Cooper (Dunlop Research Centre, Birmingham) — Report no. T.D. 154 
presented at D.K.G. Conference, Cologne 1958. 

It is well known that, when a pneumatic tyre is rolled over dry ground at a slip 
angle, a sideways force is developed. With the cornering force rig described here we 
are able to measure the front to rear distribution of the cornering force along the 
contact patch, the length of contact patch, the trail and the self-aligning torque. 
At the same time it is possible to derive the shape of the distorted tread band the 
front-to-rear distribution of side slip in the contact patch. By making certain 
assumptions concerning the distribution of the vertical force along the contact 


patch a relationship has been established between the forces of friction, rate of 
sideslip and speed of rolling. 
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FRICTION AND WEAR PROPERTIES OF TITANIUM*> ** 


COATINGS 


Memorandum on “‘Status of Electroplated Metal Coatings on Titanium” 


Titanium Metallurgical Laboratory, Battelle Memorial Institute, Columbus 1, Ohio. 


Aluminum, copper, tin, lead, silver, gold, chromium, nickel, nickel-phosphorus alloy, 
cadmium, cobalt, iron and zinc electroplates on titanium have been reported. 

Nickel on titanium appears to offer encouragement toward overcoming undesirable 
surface characteristics associated with titanium and titanium alloys. The best bonds, 
however, require heat treating to produce adherence by diffusion atloying. The inherent 
properties of the nickel or nickel-phosphorus alloy (electroless nickel) coating offer 
possible answers to many problems of titanium surface metallurgy. Other coatings, 
metallic, inorganic, and/or organic on nickel-coated titanium suggest other coating 
systems that might answer needs not answered by nickel alone. 

The anticipated advantages for chromium-plated titanium for applications needing 
a hard, wear-resistant surface have been delayed because of difficulties in consistently 
reproducing good as-deposited adherence. The cause of inconsistent adherence will 
probably be resolved by further research and/or development on new or existing 
processes. When consistent adherence is realized, confidence in application-type eval- 
uations can be expected. 

Plating of other metals, such as aluminium, iron, silver, and precious metals, directly 
on titanium deserves further attention toward answering needs that are not answered 
with heat-bonded nickel-plated titanium. Development of electrodeposited brazing- 
metal coatings for titanium probably would facilitate titanium joining studies. Ano- 
dized aluminum coatings could offer wear and/or heat resistance to titanium surfaces. 

The available technical data suggest that the potentialities of electroplated coatings 
on titanium will be realized by sound engineering of the coating system to the intended 
application. 


Memorandum on ‘‘The Characteristics and Uses of Aluminum Coatings on Titanium and 
Titanium Alloys’’ 


Titanium Metallurgical Laboratory, Battelle Memorial Institute, Columbus 1, Ohio, 
October 12, 1956. 


Several techniques have been developed which can be used successfully to apply 
an aluminum coating to titanium and titanium alloys. 

The two coating methods which have been most widely used are hot dipping and 
spray painting. The former produces a metallurgical bond and the latter a mechanical 
bond. 


* See also the paper by MILLER AND Ho trapay in this issue of Wear (p. 133). 
** Published by permission of the Office of the Assistant Secretary of Defence U.S.A., Research 
and Engineering, Materials Division. 
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Hot-dipped coatings do not appear to be detrimental to the bend or tensile ductility 
of unalloyed titanium at temperatures up through 600°F. Limited tests indicate that, 
after exposures of about 3 hours at r100°F, sufficient diffusion of the aluminum into 
the titanium occurs to cause a significant decrease in the tensile and bend ductility 
of thin aluminum-coated sections. Aluminum coatings improve the short-time 
oxidation resistance of titanium and titanium alloys at temperatures up to 1800°F. 

After exposure in air at high temperatures, a thin alloy layer is retained on the 
surface of aluminum-coated materials. 

The available information indicates that the residue is detrimental to the ductility 
of thin-sheet materials if it not removed. 


Memorandum on ‘‘Chemical Conversion Coatings Improve Wear and Lubrication of 
Titanium”’ 


Titanium Metallurgical Laboratory, Battelle Memorial Institute, Columbus 1, Ohio, 


Titanium and its alloys are particularly susceptible to the type of wear known as 
galling, in which there is a transfer of metal from one surface to another. Though 
all metals tend to gall to some extent, usually some form of lubrication or some lubri- 
cation plus mating surface can be found to overcome this tendency. 

Thus far, there has been little success in lubricating titanium with any of the many 
lubricants which are now in use on other metals. 

The best results in improving the wear resistance of titanium and its alloys have 
been attained by modifying their surfaces by means of coatings. The most satisfactory 
service has come from the use of chemical conversion coatings. 

A chemical conversion coating may be defined as a coating that is formed on the 
surface of a metal by chemical or electrochemical reactions. 

To form a conversion coating, one or more of the elements in the alloy combine 
chemically with one or more of the elements from the active medium to form a tightly 
adhering coating. 

In summary, three types of conversion coatings have been developed to aid in the 
lubrication of titanium surfaces: (r) fluoride-phosphate coatings produced by either 
high- or low-temperature baths, (2) fluoride-phosphate coatings modified by heat 
treatment, and (3) a sodium hydroxide anodic coating. The regular fluoride-phosphate 
and anodic coatings may be used to aid in cold-forming operations. The modified 
fluoride-phosphate coating will probably find more use in continuous wear applications 
with liquid or bonded solid lubricants. 


Memorandum on “Evaluation of Fluoride-Phosphate Coatings for Forming Titanium 
Sheet for North American Aviation, Inc., Columbus, Ohio”’ 


Titanium Metallurgical Laboratory, Battelle Memorial Institute, Columbus 1, Ohio, 
October 30, 1956. 


A fluoride-phosphate coating, applied to titanium sheet by immersion in a chemical 
bath at room temperature, was effective in preventing galling and seizing during form- 
ing of commercially pure titanium and Ti-8Mn-alloy aircraft parts. 
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Tests showed the coating to have no effect on bend or tensile properties. Although 
the coating is applied in an acidic bath, the process causes no appreciable hydrogen 
contamination in commercially pure titanium. With the Ti-8Mn alloy, ro to 20 p-p.m. 
hydrogen is picked up during processing. The as-applied coating is easily removed 
by pickling. After stress relieving, the coating is more difficult to remove, requiring 
longer pickling times. The coating, therefore, must be removed before stress relieving. 

For Ti-8Mn-alloy parts requiring multi-stage forming operations with inter-stage- 
stress relief, the use of the coating is limited to the most difficult stage of drawing 
because of the hydrogen pickup. There appear to be no limitations, however, to its 
use for forming commercially pure titanium. 


Hard Coating Titanium 


C.B.GLEAson (General Electric, Aircraft Accessory Turbine Department, Lynn, Mass.) 
March 8, 1957, R57ATY5. 


To make available a surface coating which prevents the excessive galling of titanium 
and thereby improves its wear resistance. 

The first section of this report covers tests to determine whether the types of struc- 
tural phases with their characteristic levels of Rockwell hardness have any inherent 
effect on the rubbing characteristics and galling tendencies of titanium. 

Three alloys were used for this purpose; alpha-beta alloy Ti-6A1-4V with five dif- 
ferent heat treatments designed to cause maximum phase variations, alpha-beta type 
alloy Ti-6Al-4Mo selected because of its Widmanstatten pattern, and the all-alpha 
alloy AlroAT. The heat treatments, resultant microstructures and hardness levels 
are shown below: 


Serial No. Alloy Heat treatment Rockwell Microstructure 

375 Ti-6A1-4V th at 1550°F, C33.5 Large primary alpha in beta 
FC to 950°F matrix 

376 4 1 h at 1650°F-WQ C39 Small amount of primary alpha 

in retained beta 

377 ro 1h at 1650°F-WQ C4o Primary alpha in alpha prime- 
24 hat goo°F beta matrix 

378 a 1 h at 1850°F-WQ C39 Predominantly beta 

379 ” 1 h at 1850°F-WQ C41 Alpha prime-beta prime 
24 hat goo°F 

380 Ti-6Al-4Mo 1 h at 1550°F, C32.5 Widmanstatten alpha-beta 
FC to 950°F structure 

381 nt 6 h at 1600°F-WQ C41 Widmanstatten alpha in alpha 
24 h at 1025°F prime-beta matrix 

382 AlroAT 1 h at 1500°F—AC C35.5 All alpha 


Compatibility specimens were machined after application of the various heat treat- 
ments so that the rubbing surfaces would be free from heat-treating scales in all cases. 
The specimens were then compatibility-tested at a surface rubbing speed of 3079 
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ft./min and a load of ro lb., except for the first run which was under a load of 30 lb. 
The results of these tests were as follows: 


Length of ° * Wear area Damage (a) 
Serial No. eli fo . ce gh 1 asp rhyite ( ey Piet Specimen 
375 Immediately — 225 Off Scale 1/8 5/32 43 5 
376 3 260 300 0.99 i, Ee 1/4 1/4 6 3 5 
377 2 280 349 0.75 1.01 » "3 6 3 5 
378 3 255 335 0.99 1.05 5 0 6 3 5 
379 4 325 396 0.86 r12 _ 6 3 5 
380 4.65 340 off 0.86 1.15 53 6 3 5 
scale 

381 5 315 425 0.86 1.05 ” | 5 
382 15 260 425 (b) 1.52 3 5 


Note (a) Under ‘‘Damage’’, P refers to pick-up and S to scoring. An arbitrary scale of 0-9 is used 
wherein o is no effect and 9 is maximum effect. 

Note (b) The friction coefficient was 0.56 during the first 5 min, 0.15 during the next 6 min, and 
0.66 during the last 3 min. At failure, the coefficient increased for all specimens, ac- 
companied by sparking and oil smoking. 


Specimens of A7o titanium 43/,’’ x 11/,’" x 4/,.’’ were chrome-plated directly 
on the titanium by the Tiarco Corporation, Newark, N. J. to a plate thickness of 2.5 
mils, using their Baylig process. 

Two of the specimens were cooled to —65°F, then placed directly into a furnace at 
850°F and held for 15 min at temperature. 

This cycle was repeated ro times, following which a careful examination was made 
at low magnification with the binocular microscope and no indications of blistering, 
checking or cracking could be detected. 

One of the heat-cycled specimens, together with one which had not been heat-cycled 
were bent 145 degrees over a radius of 2.5T and although cracking of the coating 
took place, there was no spalling except at the edges where the plating was excessively 
thick. 

One of these chrome-plated specimens was compatibility-tested with the following 
results. 


Serial Length of Temp. =e? Coeff. Friction Wear are Damage 
No. test (min) ave. max. ave, max, Height ( in.) a . Ss pp acs 
407 1/4 276 313 0.76 0.80 1/4 1/4 42 3 


High friction and wear occurred at the outset and continued during the entire 21/, 
minutes running time. A metallographic examination was made through the plate on 
one of the specimens and it was found to be only about 0.0001” thick. 
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A group of compatibility specimens was sent to the Crane Company for siliconizing. 
Although this company is believed to have had the most experience in siliconizing 
steel, they stated that the titanium must be considered experimental. 

Their attempts to siliconize our titanium specimens were a complete failure, all 
samples exhibiting about a 20%, shrinkage. 

During previous work on eloxing titanium combined oxide-nitride surface film was 
observed adjacent to all eloxed cuts, apparently caused by local melting and instan- 
taneous reaction with air. 

In an attempt to take advantage of this metal cutting process as a possible method 
of producing a wear-resistant surface coating, two sets of compatibility test specimens 
were sent to the Triangle Tool and Die Company who were instructed to remove 0.002”” 
from the rubbing face of one group by eloxing and 0.005’’ from the other group. 
These two groups were then compatibility-tested with the following results: 


Serial Eloxed Length Temp. —F Coeff. Friction Wear area Dam ge A 
No. depth of test ave. max. ave. max. Height ( in.) pee sae 
AOS 90.0027" Th 145 145 0.18 0.27 7/64 3/32 0 3 Co) 
409 0.005 2 min 105 247 0.201 off scale 1/4 1/4 4 3 3 


The specimens which were eloxed with a 0.002” depth of cut gave remarkably satis- 
factory results in all respects. The specimens eloxed to a depth of 0.005’, however, 
showed a desirable low coefficient of friction for about two minutes and then a sudden 
increase to high friction and rapid wear. 

A discussion with the Elox personnel indicated that there were many variables in 
their process and a great deal of development work would be required in order to 
attempt to understand and control surface coatings resulting from this process. 

We conclude, therefore, that taking advantage of oxide-nitride films produced by 
eloxing is impracticable since their depth and adherence cannot be satisfactorily 
controlled. 


CORROSION 
The Corrosion of Titanium 
D. W. Stoucu, F. W. Fink AnD R. S. PEopLes (Battelle Memorial Institute, 


Columbus 1, Ohio) — Titanium Met. Lab. Rept. No. 57, (1959). 


Titanium has excellent resistance to either general corrosion or to pitting attack 
by most salt solutions. It also has a fair resistance to some of the mineral acids. In 
many cases, this resistance can be greatly improved by the addition of acid salts or 
oxidizing acids. 

Of most importance among the reagents which do corrode titanium are hydrofluoric, 
hydrochloric, sulfuric, oxalic, and formic acids. The attack on titanium by all of these 
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media except hydrofluoric acid had been inhibited in specific cases by suitable addi- 
tions. Outstanding among those environments to which titanium normally is resistant 
are sea water, ferric and cupric chlorides, nitric acid, chromic acid, and acetic acid. 

Titanium has good resistance to crevice corrosion (except in some acids), cavitation, 
erosion, corrosion fatigue, and galvanic attack. Its galvanic properties are such, how- 
ever, that it often tends to accelerate the corrosion of the other metal in the couple, 

The corrosion resistance of titanium results from a complex surface passivation 
process. Various mechanisms, foremost of which are oxide film formation and elec- 
trochemical polarization, are described which contribute to the passivation of titanium. 
In general, titanium tends to passivate in those media which are not strong reducing 
agents. 


WEAR 
Wear Studies with Titanium 


ROBERT J. BENZING, ARTHUR N. DAMASK (Materials Laboratory) WADC TR 56-375, 
January, 1957, February, 1955 — February, 1956, AD 110585. 


Introduction 


This study was initiated to provide a base line for comparison of past data on 
frictional values and wear studies in non-standard lubricant evaluating machines. 
The Falex Wear Tester and Shell Four-Ball Wear Tester are commonly used evaluat- 
ing or screening devices throughout the lubricant industry. 

This study was made using typical oils; namely, a mineral oil, a diester, a silicate 
ester, a silicone, and a halogenated hydrocarbon. 

Three alloys were selected. They were: 


C-130-AM 
Ti-150A 
3Al1-5Cr 


Both cyanided and uncyanided surfaces were studied in contact with each other 
and themselves and with steel surfaces. Cyanided surfaces were selected as being one 
of the more promising treatments for surface modification. 


Preparation of specimens 


The cyanided specimens were each dipped in a salt bath for ro min at temperatures 
between r480° and 1500°F. The following are values of hardness: 


Re Value 
Cyanided Ti-150A 45 
Cyanided C-130-AM 31 


Cyanided 3A1-5Cr 37 
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The 1/2” ball specimens of C-130-AM alloy for the Shell Four-Ball Wear Tester 
were made to standard Grade I ball tolerances of: 


Sphericity 0.000025” 


Size variation + 0.0001” 


The hardness of these untreated balls was in the range of 32 Rc and cyanided of 34 Re. 


Selection of oils 


Oils selected for this program were: 


A specification MIL-o-6082-Lubricating Oil; Aircraft Engine Grade Mineral oil 

B MLO-8200 Silicate ester 

C_ Plexol 201 Di-2-ethylhexyl 
sebacate 

D_ Silicone oil Phenyl methyl silicone 

E Halogenated hydrocarbon 


Viscosity values of these oils are: 


Viscosity 210°F (cs) 


A 11-13 (min) 
B 11.5 
C 3:3 
D 20.0 
E 1.9 


Test procedure 

The Falex Wear Tester was operated at room temperature under a force of 250 lb. 
Each run was for a duration of 30 min. The Falex Wear Tester and the stopwatch 
were started simultaneously. Immediately, the rachet wheel was turned until the 
pressure gauge indicated roo lb. of force. The force remained at this setting until the 
stopwatch read 30 sec. Then the force was increased to 250 lb. The test was continued 
at this setting until the end of the 30-min interval. Weight loss was recorded as the 
criteria of the test. 

The Shell Four-Ball Wear Tester was also operated at ambient temperatures. The 
test runs were for a period of 30 min, with an applied force of 4 kg. Wear was noted 
by measuring the circular wear scar on the lower three balls by use of a microscope. 
A verbal description of the wear track on the upper ball was also recorded. 


Test results and comparison with data from the literature 
Loadings on the Falex Wear Tester for these tests generally resulted in loads ranging 
from 16,000 p.s.i. to 80,000 p.s.i. at the completion of test runs, depending upon the 
lubricant, materials, and amount of wear. 
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The data generally lead to the following conclusions: 

1. The halogenated hydrocarbon is the best lubricant for titanium regardless of 
material composition or combinations. 

2. Steel bearing on cyanided titanium gives much better results than any other 
combination except steel on steel. 

3. The oils may be rated as follows in order of decreasing lubricity: 


Halogenated hydrocarbon 
Plexol 201 & Mineral oil 
Silicate ester 

Phenyl methyl silicone 


4. No general statement can be made as to which alloy is the easiest to lubricate, 
although 3A1-5Cr seems to be slightly better with Oil E. 

5. Titanium versus titanium was the most difficult to lubricate. 

6. In combinations of cyanided titanium and steel the best results were when the 
cyanided titanium was the pin. This indicates the cyanided titanium was more wear- 
resistant than the steel. However, this is not borne out when both are in contact with 
bare titanium. 

7. Cyanided titanium in contact with cyanided titanium gave results comparable 
to those when it was in contact with steel. 

On the basis of the tests and conclusions as reached in No. 6 above, it would appear 
that improved wear resistance of two or more mating parts could be obtained by 
proper selection of material combinations. 

The data from the Shell Four-Ball Wear tests are reported for information purposes, 
except in the case of Oil E. The results from the other oils exhibit such catastrophic 
failure that no conclusions can be drawn. However, with Oil E the lower values are 
significant and bear out the findings of the Falex tests. The poor results may be attri- 
buted to high initial loadings. 


Conclusions 


This work has borne out the general conclusions of other investigators as to the 
ineffectiveness of most lubricants with titanium. It also indicates that under suitably 
light loads and in proper combinations with other materials, it should give satisfactory 
operation. This work should also be helpful as a source of data for direct comparison 
to steel lubrication. 

Generally, it may be said that titanium specimens or surface-treated specimens may 
be expected to bear loads of 1/100 to 1/10 that of comparable steel specimens. 
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Systematic Abstracts of Current Literature 
Fe eee ee 


Prepared by Battelle Memorial Institute, Columbus, Ohio, U.S.A. 


Reprinted from Battelle Technical Review 1958 


3. LUBRICATION AND LUBRICANTS 


(continued from p. 76 of previous issue) 


Special purpose lubricants 


Machine Lubricants on a Mixed and Lead 
Basis. (in Hungarian) 

Ilona Arkosi and Tamas Lengyel. Magyar 
Kémikusok Lapja, v. 12, no. 1, Jan. 1957, p. 
29-33- 

Laboratory preparation of machine grease on 
a Pb basis and Pb mixtures. Characteristics 
of products and their modification as a func- 
tion of various parameters. 


Study of Oils and Emulsions for Lubrication 
in Cold-Rolling Trials. 1. Lubricants Made up 
of Pure Basis Oils or Fats and Additives. 

W. Lueg, P. Funke, and W. Dahl. Henry 
Brutcher Translation No. 4100, 37 pp. (From 


Stahl und Eisen, v. 77, no. 25, 1957, p. 1817-° 


1830.) Henry Brutcher, Altadena, Calif. 
Study of relationship between lubricant com- 
position, physical properties, and consistency, 
on the one hand, and lubricity and perform- 
ance in cold rolling, on the other. 


Untersuchung von Walzélen und Walzol- 
emulsionen im Kaltwalzversuch. 

Il. Walzversuche mit handelsiiblichen Walz- 
6len unter verschiedenen dem Betrieb ange- 
passten Arbeitsbedingungen. 

Examination of Rolling Oils and Oil Emul- 
sions by the Cold Rolling Test. 

II. Rolling Tests With Commercial Rolling 
Oils Under Different Conditions of Operation 
Adapted to Practice. 

Werner Lueg and Paul Funke. Stahl und Eisen, 
v. 78, no. 6, Mar. 20, 1958, p. 333-343- 


Untersuchungen iiber Eigenschaften und 
Betriebsverhalten neuer Walzélemulsionen. 
Investigations on the Characteristics and Be- 
havior in Service of Novel Rolling Oil Emul- 
sions. 

Joseph Billigmann and Walter Fichtl. Stahl 
und Eisen, v. 78, no. 6, Mar. 20, 1958, p. 344- 


357: 
Characterization of the lubricating effect by 


the thickness of strip obtained in the rolling 
test. Influence of the lubricant composition, 
additions, water hardness, and concentration 
of the emulsion on the lubricating power. 


Kiln Car Bearing Lubricants. 

William C. Kiefer and Hanry A. Bedell. A mer- 
ican Ceramic Society Bulletin, v. 37, Feb. 
1958, p. 85-90. 

Concise information regarding all types of lu- 
bricants and their proper application. Ef- 
fects of time, temperature, load, and atmos- 
phere on various greases and oils. 


Cement Mill Lubrication. I. 

M.S. Clark. Pit and Quarry, v. 50, Feb. 1958, 
p. 82 + 4 pages. 

Composition and types of cement; additives 
in cement; manufacturing processes; lubrica- 
tion of various types of cement mill, quarry, 
and crushing machinery. 


Fog Lubrication of Machine Tools. 

D. G. Faust. Lubrication Engineering, v. 14, 
Feb. 1958, Pp. 54-57- 

Some fundamental considerations in the appli- 
cation of oil-fog lubrication to complex ma- 
chine tools. 


Die Casting Lubricants, Their Purpose and 
Use. 

R. D. Black. Precision Metal Molding, v. 16, 
Apr. 1958, p. 37-39. 

Soluble oil, boron nitride, Al, and Zn ere 
cants are discussed. 


The Effect of Additives on Crankcase Oil 
Filterability. 

R. L. Willis and E. C. Ballard. Lubrication 
Engineering, v.14, Feb. 1958, p. 58 + 6 pages. 
A laboratory engine test for studying the ef- 
fects of oils and additives on the tendency of 
crankease oil filters to plug. Road test data 
suggest that the specific detergent present in 
the oil has a marked effect on the rate at which 
an oil filter plugs. 


4. BEARINGS 


4.1. Journal Bearings 


The Infinite Journal Bearing, Considering 
Vaporization. 

Leif Floberg. Chalmers Tekniska Hogskolas 
Handlingar, no. 189, 1957, 82 pp. (T4 C35t 
Contin.) 

Deals with the 360° infinite journal bearing, 


both theoretically and experimentally, The 
behavior of vaporized regions is specially 
studied. It is shown that it is possible to have 
a bearing operating with positive pressure all 
around the circumference, This means no 
vapor region in the bearing and horizontal 
attitude-eccentricity curve. 
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The Finite Journal Bearing, Considering 
Vaporization. 

Bengt Jakobsson and Leif Floberg. Chalmers 
Tekniska Hégskolas Handlingar, no. 190, 
1957, 117 pp. (T4 C35t Contin.) 

Analyzes journal bearings of finite width 
with consideration to all boundary conditions 
and negative pressure vapor zones. A theory 
for vaporization is put forward where the con- 
ditions are strictly treated all around the 
periphery. The boundary conditions for the 
beginning and the end of a vapor region are 
derived. Describes how to determine the 
power loss for a vapor region. 


The Finite Length Partial Fitted Journal 
Bearing With Axial Oil Groove. 

Melvin J. Jacobson. Quarterly of Applied 
Mathematics, v. 16, no.1, Apr. 1958, p. I-10. 
Mathematical analysis of the pressure distri- 
bution in the lubricating film when the lubri- 
cant is introduced under constant pressure 
through an axial bearing groove. 


Elliptical Whirl of Flooded Journal Bearings. 
J. H. Halton. Cambridge Philosophical Society, 
Proceedings, v. 54, Jan. 1958, p. 119-127. 

Studies the problem of elliptical whirl of per- 
fectly aligned, finite, flooded, journal bear- 
ings, with incompressible isoviscous lubricant. 


High Speed Effects in Pneumodynamic Jour- 
nal Bearing Lubrication. 

J. F. Osterle and W. F. Hughes. Applied Scien- 
tific Research, v. 7, sec. A, nos. 2-3, 1958, p. 
89-99. 

The steady-state operation of gas-lubricated 
journal bearings is analyzed for the effect of 
lubricant inertia on the pressure developed 
in the lubricant. 


4.2. Roller Bearings 


Heat Expansion Licked by Cylindrical Roller 
Bearings. 

D.E. Batesole. Aviation Age, v. 28, Feb. 1958, 
p. 80-85. 

Cylindrical roller bearings offer an ideal solu- 
tion to the troublesome problem of tempera- 
ture expansion posed by most turbine-driven 
units. 


The Strength and Wear-Resistance of Roller- 
Bearing Parts. (in Russian) 

S. V. Pinegin. Vestnik Mashinostroeniia, v. 38, 
no. 3, Mar. 1958, p. 8-11. 

Effect of heat treatment and operating tem- 
peratures on fatigue, wear, and seizing prop- 
erties. 


Replacing Brass Retainers of Roller Bearings 
by Retainers Stamped From Steel. (in Rus- 
sian) 

I. V. Kalashnikova. Promyshlennaia Energe- 
tika, Vv. 13, no. 2, Feb. 1958, p. 21-22. 
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Design, manufacture, and economic advan- 
tages of steel retainers. 


The Distribution of Static Pressures on Roller 
Bearings. (in Russian) 

N. V. Rodzevich and V. I. Rul’kov. Vestnik 
Mashinostroeniia, v. 38, no. 3, Mar. 1958, p. 
12-13. 

pres ies are determined with the aid of a 
roller-dynamometer made from the roller of 
the bearing tested. 


Research in the Field of Roller Bearings. (in 
Russian) 

N. A. Spitsyn. Vestnik Mashinostroeniia, v. 
38, no. 3, Mar. 1958, p. 3-8. 

A brief survey of research aimed at setting 
up theoretical principles for the design and 
construction of ball and roller bearings of 
greater supporting capacity, precision, speed, 
and durability. 


4.3. Ball Bearings 


Effect of Fiber Orientation in Races and 
Balls Under Rolling-Contact Fatigue Condi- 
tions. 

Thomas L. Carter. U. S. National Advisory 
Committee for Aeronautics, Technical Note 
4216, Feb. 1958, 37 pp. (TL570 Un3t) 

A concentration of fatigue failures was observ- 
ed in regions with the highest angle of inter- 
section of fiber flow lines with the surface. 
In races, poorer fatigue life was observed 
with increasing fiber orientation angle. The 
ball materials studied showed a greater than 
normal tendency to fail in the polar or end 
grain areas. 


An Investigation of the Structural Conditions 
in Steel Bearing-Balls. 

I. Berz, K. F. Hale, and C. Wainwright. En- 
gineering, v. 185, Jan. 31, 1958, p. 151-153. 
Equipment for stressing bearing-balls by 
spinning them in a rapidly rotating field; a 
H.F. electrical technique used for examining 
conditions in their surface layers. “‘Polar’’ 
areas were found to exist on each ball. 


Vibration of Pivot Type Ball Bearings. 
Tatsuo Utsumi, Renzo Kaneko, and Junzo 
Okamoto. Journal of Mechanical Laboratory 
of Japan, v. 3, no. 2, 1957, p. 61-69. 

Noise and vibration of a miniature pivot-type 
ball bearing at high speed were mesaured. The 
magnitude of vibration is proportional to the 
accuracy of bearing elements. 


4.4. Other Bearings 


Self-Excited Vibrations of an Air-Lubricated 
Thrust Bearing. 

L. Licht, D. D. Fuller, and B. Sternlicht. 
ASME, Transactions, v. 80, Feb. 1958, p. 
411-414. 
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Primary causes of the undesirable ‘‘air-ham- 
mer’’ phenomenon, stability criteria, and in- 
fluencing factors. 


Primary Roll Neck Bearings and Their Pro- 
tection. 

George Sackerson. Ivon and Steel Engineer, v. 
35, Feb. 1958, p. 102-110. 

Fundamentals of bearing protection require 
polished roll necks, clean, cool, and plentiful 
cooling water, dependable grease source, scale 
guards, and accurate performance records. 


Nylon-Clad Sleeve Bearings. 
D. L. Penney and F. J. Bockhoff. Product 
Engineering, v. 29, Mar. 3, 1958, p. 52-54. 
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Fluidizing process coats metal sleeve bearings 
with Nylon-rr. Bearings will take high load, 
are cheap and moisture-resistant, and need 
no lubrication. 


Reducing Friction in Rubber Bearings at 
Starting (in Russian) 

A. V. Kol’chenko and A. A. Silin. Vestnik 
Mashinostroeniia, v. 38 no. 3, Mar. 1958, p. 
27-29. 

Shows the relationship between the starting 
point of the supporting bearing on one hand, 
and the purity of metal surface and the spe- 
cific pressure exerted upon the bearing, on the 
other hand. 


5. WEAR AND WEAR RESISTANCE 


Fretting Corrosion and Fatigue Failure. 
C.E. Phillips, Teknisk Ukeblad, v. 105, no. 13, 
Mar. 27, 1958, p. 281-286. 

Causes and prevention of fretting corrosion; 
effect on fatigue strength. 


Wear Resistance of Steel Surface-Impreg- 
nated With Carbide-Forming Elements. 

G. N. Dubinin. Henry Brutcher Translation 
No. 4015, 6 pp. (From Metallovedenie i Obra- 
botka Metallov, 1957, no. 9, Sept., p. 21-25.) 
Henry Brutcher, Altadena, Calif. 

Study of wear resistance of plain carbon steels 
(0.03 to 1.18% C) surface-impregnated with 
Cr, V, Cb, W, Mo, and Mn. 


Wear-Resisting Cast Iron Grinding Media 
for Mills. (in Russian) 

O. A. Nesvizhskii. Liteinoe Protzvodstvo, 1958, 
no. I, Jan., p. 5-6. 

Production of cast iron for casting grinding 
balls and cylinders. Microstructure, chemical 
composition, and microhardness. 


New Method of Increasing the Wear Resis- 
tance of Tracks With Open Bushings. 

A. A. Maurakh. Henry Brutcher Tvanslation 
No. 3962, 6 pp. (From Vestnik Mashino- 
stvoeniia, Vv. 30, nO. 12, 1956, p.16-18.) Henry 
Brutcher, Altadena, Calif. 

Merits of boronizing in imparting maximum 
wear resistance to carbon structural steel. 
Excessive abrasive wear of pinbores as a major 
problem with track links of cast austenitic 
Mn steel. An electrolytic boronizing method. 


Wear of a Cylinder Wall. (in Dutch) 

J. H. Brunklaus. Polytech. Tijdschr., v. A 13, 
1958, p. 506-509. 

In 1946 the author was faced with excessive 
cylinder wear in side-valve air-cooled cylin- 
ders of motor-bicycles. This was due to local- 
ized thermal expansion, which in turn leads 
to a deformation of the ring. Changes in con- 
struction produced a predictable, more regu- 
lar heat distribution, which proved sufficient 
to solve the wear problem. 11 fig. 1 ref. (Ed.) 


6. ANALYSIS AND TESTING 


A Statistical Model for Life-Length of Ma- 
terials. 

Z. W. Birnbaum and S. C. Saunders. American 
Statistical Association, Journal, v. 53, no. 281, 
Mar. 1958, p. 151-160. 

Model of structures under dynamic loading 
makes it possible to express the probability 
distribution of life-lengths in terms of the load 
given as a function of time and of deterioration 
occurring in time independently of loading. 


Lubricant Tests by Photography. 

Oil Engine and Gas Turbine, v. 25, Mar. 1958, 
p. 410-411. 

Special sensitized paper enables a reflex print 
to be made of a piston showing the carbon and 
lacquer deposits in a panoramic view. 


New Radioisotopic Method of Wear Evalua- 
tion of Floor Finishes. 

George J. Fuld, Richard C. Brogle, Melvin 
Fuld, Harry C. Broll, and Charles Pinchback. 
Soap and Chemical Specialties, v. 34, Apr. 1958, 
Pp. 93 + 3 pages. 

Method utilizes a short half-life f-emitting 
isotope and requires only a routine survey 
meter. 


Radioactive Tracers Used to Measure Bear- 
ing Wear. 

M. W. Savage and L. O. Bowman. Pipe Line 
Industry, v. 8, Feb. 1958, p. 36-40. 

Tests conducted on irradiated bearings show- 
ed that relative connecting rod bearing wear 
at different operating conditions can be pre- 
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dicted by using the load-carrying-capacity 
concept. 


Heat-Blast Erosion Effects on Reinforced 
Plastic Laminates. 

N. B. Miller and E. L. Strauss. SPE Journal, 
v. 14, Feb. 1958, p. 37 + 4 pages. 
Phenolic-glass, silicone resin-glass, and triallyl 
cyanurate polyester-glass fabric laminates 
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and an asbestos-phenolic laminate were eval- 
uated among other specimens varying in 
thickness from 10 to 60 mils. 


Picking the Plastic for Abrasion Resistance. 
Jean Pierre Abbat. Product Engineering, v. 
29, no. 13, Mar. 31, 1958, p. 105-107. 
Characteristics of elastomers and rigid plas- 
tics that resist best. 


7. SURFACE TREATMENT AND FINISHING 


7.1. Chemical Surface Tveatment and Coatings 


Low-Temperature Nitriding of (Alloy) Struc- 
tural Steels. 

R. I. Mishkevich, P. I. Solntsev, and A. V. 
Smirnov. Henry Brutchey Translation No. 
4046,9 pp. (Abridged from Metallovedenie 1 
Obrabotka Metallov, 1957, no. 2, Feb., p. 49-54.) 
Henry Brutcher, Altadena, Calif. 
Investigates possibility of nitriding steel be- 
low 400 °C instead of at 500-600 °C, without 
inducing temper brittleness in core, in the 
presence of ferrosilicon to increase the degree 
of dissociation of ammonia and with chromic 
anhydride to increase the surface temperature 
of the stock. 


Increase of Antifriction Properties of Steels 
by Chlorination. (in Russian) 

Iu. M. Vinogradov and N. S. Dombrovskaia. 
Akademiia Nauk SSSR, Izvestiia, Otdelenie 
Tekhnicheskikh Nauk, 1958, no. 1, Jan., p. 
128-130. 

Chlorination to reduce friction and wear of 
machine parts can be done in both gaseous 
media and in salt baths containing active Cl 
compounds. A sufficiently high temperature 
for interaction between Cl and metal is 
necessary. 


Pack Chromizing Method Hikes Heat, Wear, 
Corrosion Resistance on Varied Components. 
Maurice C. Commanday. Western Metalwork- 
ing, v. 16, Jan. 1958, p. 46-48. 

Parts to be chromized are packed in.a box- 
type retort prior to being furnace heated. A 
compound of kaolin or alumina diluent, ferro- 
chromium, and NH4lI is used and box is sealed 
by fusible silicate powder. 


The Mechanism of Sulfurization of Copper- 
Zinc Alloys. (in Polish) 

Lucjan Czerski, Stanislaw Mrowec, and Teo- 
dor Werber. Archiwum Hutnictwa, v. 2, no. 4, 
1957, p- 391-410 + 1 plate. 

Kinetics of sulfurization of Cu-Zn alloys with 
from 1 to 20% Zn in liquid S. With increasing 
concentrations of Zn in the alloy, the rate of 
sulfurization decreases. 


Phosphate and Waterglass Coating of Wire 
for Drawing. 
I. M. Goncharov, L. I. Fudim, F. M. Lady- 


zhenskaya, and O. A. Ryabchikova. Henry 
Brutcher Translation No. 4076, 10 pp. (From 
Stal’, v. 17, no. 5, 1957, p. 464-465.) Henry 
Brutcher, Altadena, Calif. 

Comparison of waterglass and phosphate coat- 
ings. Use of waterglass gave improved die 
life, greater drawing throughout, better plant 
conditions, and eliminated need for coppering ; 
however the wire responds poorly to hot-dip 
galvanizing and wet drawing. 


Protecting Metals at High Temperatures. 
Alfred F. Hofstatter. Materials in Design En- 
gineering, v. 47, Apr. 1958, p. 115-119. 
Ceramic coatings are particularly important 
because of their hardness and resistance to 
oxidation. Metallic coatings are characterized 
by their combination of wear and corrosion 
resistance. Special paints are easy to apply 
and can often be used at temperatures over 
1000 °F. 


7.2. Mechanical Surface Treatment and Finish- 
ing 

Shot Peening. 

H. O. Fuchs and E. R. Hutchinson. Machine 
Design, v. 30, Feb. 6, 1958, p. 116-125. 
Designer’s guide to the process, applications, 
effects, and how and where to specify it. 


Die Entfernbarkeit des Zunders von Stahl- 
blechen. 

The Removability of Scale From Steel Plates. 
Wilhelm Radeker and Max Wild. Stahl und 
Eisen, v. 78, no. 2, Jan. 23, 1958, p. 100-103. 
Pickling, sand blasting, cleaning with burner, 
and natural weathering were used for the re- 
moval of scale from different steel plates. 


Preliminary Examination of the Blast Clean- 
ing of Steel Work. (in Dutch) 

J. H. Zaat. Metalen, v. 13, no. 5, Mar. 15,1958, 
p. 81-88. 

Life of the blasting agent. Determination of 
the splintering capacity. Exposure tests re- 
vealed no relationship between rusting and 
grain size of the blasting agent. The least rust 
was shown by specimens blasted with steel 
wire, sand, and Zr sand. 


Cleaning Letterpress Printing Surfaces by 
Ultrasonic Methods. 
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British Printer, v. 71, Feb. 1958, p. 36-40. 
Methods and equipment. 


AES Research Project No. 18, Mechanical 
Finishing of Metal Surfaces, Bibliography. 
Plating, v. 35, Apr. 1958, p. 380-384. 


Metal Polishing Developments. 

D. J. Fishlock. Mechanical World and Engi- 
neering Record, v. 138, Mar. 1958, p. 102-106; 
Apr. 1958, p. 180-184. 

New polishing techniques, improvements in 
the use of mops, bobs, and belts, and the 
technical and economic advantages and limi- 
tations of new “‘self-polishing’’ plating pro- 
cesses, automatic polishing, vapor-blast 
smoothing, barrel finishing, and chemical and 
electrolytic buffing treatments. 


Some Aspects of Cleaning Prior to Metal 
Finishing. 

Bruce Whitehead. Electroplating and Metal 
Finishing, v. 11, Feb. 1958, p. 35-42. 

Types of soil; methods of specifying the de- 
gree of cleanliness required ; methods of clean- 
ing; agitation methods; ultrasonic cleaning. 


Slide-Honing. A New Barrelling Technique. 
Charles Emerson. Metalworking Production, 
v. 102, no. 11, Mar. 14, 1958, p. 453-455. 

Precision barrelling technique confines parts 
to sliding and rolling actions that remove 
stock accurately, without danger of damage. 


7.3. Grinding 


On the Basic Mechanics of the Grinding 
Process. 

W. R. Backer and M. E. Merchant. ASME, 
Transactions, v. 80, Jan. 1958, p. 141-148. 
New geometrical concepts of grinding are 
presented and combined with metal-cutting 
principles to predict grinding forces. The de- 
pendence of grinding mechanics on three 
fundamental variables, the length and cross- 
sectional area of the undeformed chip, and the 
cutting speed is shown. 


8. MACHINING AND 


8.1. Machining 


Machinability of Metals. 

Hidehiko Takeyama and Eiji Usui. Journal of 
Mechanical Laboratory of Japan, v. 3, no. 2, 
1957, p- 81-86. 

A study of the relationship between the phy- 
sical properties of a metal and its machin- 
ability in terms of chip formation. 


The Influence of Micro-Structure on the 
Machinability of a Medium Carbon Steel. 
A. Gibson. Australasian Engineer, 1958, Feb. 
7, p. 56-60. % 
Optimum structure for good machinability 
consists of a pearlite-ferrite structure with the 
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Influence of Various Grinding Conditions 
Upon Residual Stresses in Titanium. 

P. A. Clorite and E. C. Reed. ASME, Trans- 
actions, v. 80, Feb. 1958, p. 297-301. 
Stresses were measured in Ti test bars, sur- 
face-ground with various wheels, speeds, 
grinding fluids, downfeeds, and crossfeeds. 
Results suggest that, with suitable precau- 
tions, Ti alloys may be ground under either 
near-normal or low-speed conditions with 
acceptable grinding ratios and with low resi- 
dual stresses. 


An Experimental Study on Chatter Vibra- 
tions in Grinding Operations. 

S. Doi. ASME, Transactions, v. 80, Jan. 1958, 
Pp. 133-140. 

Wheel vibration which frequently occurs in 
practical grinding processes was measured by 
optical method, and vibrations were investi- 
gated experimentally. 


Ball-Mill Grinding. I. 

J. Nijman. British Chemical Engineering, v. 3, 
Febr. 1958, p. 76-80. 

The mechanism of the breakage process in 
ball-mill grinding is discussed along with a 
critical review of existing laws and theories of 
size distribution and breakage probability. 


Grinding of Hard Metals With Electrically 
Conducting Abrasives, Using Graphite as a 
Filler. 

I. K. Trushin. Henry Brutcher Tyanslation 
No. 4105, 6 pp. (From Vestnik Mashino- 
stvoentia, V. 37, NO. 5, 1957, p. 59-61.) Henry 
Brutcher, Altadena, Calif. 

Describes a method of getting a high quality 
finish on hard metals with electrically con- 
ducting abrasives and d.c. applied to the area 
of machining and using a special working 
liquid. “‘Electroabrasive finishing’ is an im- 
proved form of fine electrolytic grinding, in 
which the electroabrasive is simultaneously 
a cathode and a tool which removes the anode 
film of hard-metal disintegration products. 
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pearlite a composite of lamella and spheroids 
for maximum tool-life with moderate cutting 
force requirements and is obtainable by suit- 
able heat treatment. 


Maschinen und Arbeitsbeispiele zur Metall- 
bearbeitung durch Elektro-Erosion. 
Machines and Examples of Metal-Working 
by Electro-Erosion. 

F. W. Simonis. Metall, v. 12, no. 4, Apr. 1958, 
p. 262-268. 

Automation of electrode movement. Compar- 
ison of the surface finish obtained by normal 
methods and by electro-machining. Various 
machines used with this method. 
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The Growing Versatility of Ultrasonic 
Machining. 

Jack Welch. Machinery, v. 64, Feb. 1958, p. 
119-123. Principles and utilization of ultra- 
sonic machine tools. 


8.2 Tool Wear 


Temperature Distribution at Tool-Chip and 
Tool-Work Interface in Metal Cutting. 

B. T. Chao and K. J. Trigger. ASME, Tvans- 
actions, v. 80, Feb. 1958, p. 311-320. 

A noniterative method is presented for the 
computation of temperature distribution. 
Temperatures at the tool-work interface in- 
crease appreciably with the increase in flank 
wear. This phenomenon contrasts to the rela- 
tively minor influence on tool-chip interface 
temperature as crater wear develops. 


Experimental Study on the Combined In- 
fluence of the Sharpening Angle of the Tool 
and of the Cutting Speed on the Modalities 
of Chip Formation. 

E. Eugene. Microtecnic (English Ed.), v. 11, 
no. 5, 1957, Pp. 223-230. 

Systematic cutting tests were made with tools 
having various sharpening angles at a wide 
range of cutting speeds to determine the basis 
for the variation of the optimum angle for the 
same tool machining different materials or for 
different tools machining the same material. 
Electronic flash and spark photographs were 
taken of the different stages of evolution dur- 
ing the formation of the chip as a function of 
the cutting speed. 


Study on the Testing Method of Cemented 
Carbide-Tools. (On the Critical Value of 
Flank Wear). 

Keiji Okushima, Shukichi Nagatomi, and 
Kitao Okusa. Bulletin of JSME, v. 1, no. 1, 
Jan. 1958, p. 79-85. 

The critical value of flank wear depends on 
the carbide grade, material cut, cutting con- 
dition, and the type of tool failure. Presents a 
table of proposed critical flank wear values 
for various tools, cutting conditions, and 
materials. 


Experimental Measurement of Metal-Cut- 
ting Temperature Distributions. 

G. S. Reichenbach. ASME, Transactions, v. 
80, no. 3, Apr. 1958, p. 525-540. 

Two new methods of measuring cutting tem- 
peratures have been evaluated. The first is a 
radiation technique using a lead-sulfide cell. 
The second uses a 0.005-in. single wire im- 
bedded in the side of a work-piece as a thermo- 
couple. 


The Sparcard Hard-Surfacing Process. 
Machinery (London), v. 92, Mar. 21, 1958, 
p. 687-688. 

A spark-machining process can be used to 
provide a very hard surface layer on tool tips 
and other parts which are subjected to severe 
wear in service. 
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Effect of Structure of Titanium-Tungsten 
Carbide Compositions Upon the Life of Tool 
Tips. 

PK. Mikhailova. Henry Brutcher Translation 
No. 3966, 4 pp. (From Stanki i Instrument, 
v. 28, no. 6, 1957, p. 26.) Henry Brutcher, Al- 
tadena, Calif. 

By a suitable choice of the structure of car- 
bide particles, the life of cutting tools can be 
increased 2-3 fold. In bodies containing 66% 
WC, 30% TiC, 4% Co or 79% WC, 15% TiC, 
6% Co the (Ti, W) C grains can be either single- 
phase or two-phase (annular type of structure) 
The presence of the two-phase type of grains 
shortens the life of cutting tips by 50 to 70%. 
The properties of 79gWCl5TiC6Co carbide tips 
are affected also by the ratio of the size of the 
(Ti, W) C particles to that of the WC particles. 


Vapour-Blasting of Tools. Increased Tool- 
Life Obtained in Swedish Tests. 

Aircraft Production, v. 20, Feb. 1958, p. 61-63. 
Tests carried out by Svenska Flygmotor Ak- 
tiebolaget on the effect of vapor-blasting cut- 
ting-tools show increases in tool-life of the 
order of 23 times by comparison with tools not 
so treated. The tools were of CRU Excelsior 
XXVI steel. For test purposes it was assum- 
ed that the tool would be worn out when 
the wear land reached a width of 0.0055 
in. Approximately 20 gas-turbine blades 
could be machined with vapor-blasted tools 
compared to about eight for the tools ground 
in the conventional manner. 


Status of the Development of Ceramic Cut- 
ting Tools. (in Russian) 

V. Ia. Rassokhin and M. A. Rura. Stanki i 
Instrument, v. 29, no. 2, Feb. 1958, p. 12-14. 
High hardness, wear resistance, and red-hot 
hardness (1100-1200 °C) of ceramic tools per- 
mit high-speed machining of high alloyed and 
hardened steels widely used nowadays. Basi- 
cally the ceramic tools are used for finishing 
and semifinishing of steel, cast iron, and non- 
ferrous metals. One advantage of ceramics vs. 
hard alloys and special tool steels is their lesser 
tendency to stick to the machined material, 
which is very important when machining heat- 
resistant steels and alloys. 


Ceramic Tool Geometry. II. Rake, Land 
Dimension and Relief Angle Determine 
Tool Life. 

H. D. Moore and D. R. Kibbey. Automatic 
Machining, v. 19, no. 6, Apr. 1958, Pp. 42-45. 
Early fracture of ceramic tools bits can be 
charged at least in part to thermal or mechan- 
ical shock involved in the starting or stop- 
ping of the cut. A chipping factor, based on the 
number of successful starts a tool might make 
has been developed as a measure of tool life. 
Using the chipping factor as a measure, six 
tests were run using 190 different cutting 
edges to determine the importance of other 
factors. In all cases, an increase in the nose 
radius resulted in less chipping. 
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Tracer Techniques 


Pee Js DJATSCHENKO et al., Verschleissuntersuchungen mit Hilfe vadioaktiver Isotope. Deutsche 
Redaktion: G. FLEIscHER, VEB Verlag Technik, Berlin, NOS S515 20cm) 79 fis), 13 pps, 
DM. 11.20. 


An authorized translation of a Russian book, 14 short contributions from Soviet scientists on 
the application of tracer techniques in wear studies on machine parts and oils. 


Additives 


E. H. Kapmer, Uber die Wirkstoffe in legierten Motorendlen, Verlag fiir chemische Industrie 
H. Ziolkowsky, KG, Augsburg, 1957, 15 X 21 cm; 90 pp. 
Introductory notes and list of patents on additives covering roughly the period 1940-1952. 


Lubrication 
Lubrication Eng., 14 (1958) 168-179. 
Abstracts of 55 papers read at 1958 ASLE meeting. 


Forthcoming Events 


Conference on Fracture, Fatigue, and Failure 


Arranged by The British Society of Rheology 
University of Leeds, January 8th, 9th, 1959 


(Hon. Secretary: Mr. N. WooKEy, 52, Tavistock Road, Edgware, Middlesex) 


Tentative list of contributors 


Ir. J. LEEUWERIK (Delft) 
Kinematic Features of the Brittle Fracture Phenomenon 


Dr. Ir. A. K. VAN DER VEGT (Delft) 
Torsional Fatigue of Fibres 


Prof. M. J. Petcu and Dr. P. FELTHAM 
Correlation and Extrapolation of Fracture-Time 
Data on High-Temperature Creep of Metals 


Prof. R. C. Coates and Dr. R. N. Saar 
Fatigue Properties of Bitumen-Sand Mixes 


Members of Road Research Laboratory, D.1.S.R. 
Development of Microcracks in Concrete Test Specimens 


Members of British Rubber Producers Research Association 
Prof. A. J. Kennepy — Dr. K. WEISENBERG — Dr. G. W. Scort-Brair — Mr. P. U. GRossMANn 


Members of I.C.I. (Plastics Division) 
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Notes on Contributors 
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V. E. Goor: studied at the Moscow Institute of Fine Chemical Technology, and since 1942 has 
carried out research on the physics of rubber and other polymers. [See p. 127] 


V. E. GouGu: educated at the James Watt and Chance Technical College, Smethwick; obtained 
a London University degree in Engineering in 1930; joined the Development Dept. of the Dunlop 
Rubber Co. Ltd., in 1926, and was engaged in solid tyre testing until 1930; subsequently carried 
out researches into fatigue, cracking, adhesion and other dynamic properties of rubber and cord 
materials used in tyres; in 1935 joined Physical Research Division, and since then, skidding, 
braking, cornering, etc. have increasingly engaged his attention; now manager of Performance 
Dept., Development Division at the Dunlop Research Centre, Birmingham. Associate of the 
Institute of Physics, Associate Member of the Institution of Mechanical Engineers, Fellow of the 
Institution of the Rubber Industry, Fellow of the Royal Statistical Society, and Member of the 
Society of Automotive Engineers (U.S.A.); author or co-author of a number of papers on rubber, 
tyres and related vehicle problems in Europe and U.S.A.; recently awarded the Crompton- 
Lanchester Medal by the Institution of Mechanical Engineers. [See p. 107] 


J. W. Hotrapay, Ph.D.: born in Westport, Tennessee, U.S.A.; received B.S. degree in chemis- 
try from Memphis State University in 1943 and M.A. and Ph.D. in inorganic chemistry from 
Vanderbilt in 1947 and 1950. Awarded fellowship in metallurgical research at Battelle Memorial 
Institute during 1949; conducted metallurgical research at Battelle from 1950 to 1952; consulting 
metallurgist since 1952. Research has been concerned with process and physical metallurgy of 
titanium, zirconium, copper, zinc, lead, and reaction metals. Publications in these areas of re- 
search. [See p. 133] 


G. S. KLiTEeNiIck: studied at the Moscow Institute of Fine Chemical Technology, and has been 
working since 1952 on rubber production and rubber technology. [See psr274 


Paut D. MILLER, M.A., Ph.D.: born in Canton, Ohio; received his B.S. degree from Manchester 
College and his M.A. and Ph.D degrees from The Ohio State University in the field of physical 
chemistry. Has been on the Battelle staff for twenty years and has contributed to solving various 
physical chemistry problems; interests have covered studies of aqueous, molten salt, and gas-phase 
reactions with a variety of metals; very closely associated with a project just completed which 
was directed towards establishing the role of ferrous hydroxide in corrosion reactions, particularly 
with reference to steam power station operation. Has also contributed to experimental programs 
concerned with flue-gas corrosion; has directed considerable attention to the study of protective 
treatments through publication of several papers and holds patents in this and related fields. 


Worked for two years in the field of metal fabrication at the American Forge and Machine Com- 
pany in Canton, Ohio. [See p. 133] 


S. B. Ratner: born at Mohilef, White Russia; from 1939 studied physical engineering at 
Leningrad Polytechnic; in 1949 obtained degree in physics and mathematics for work on the 
physics of fracture under N.V. Semenof; since then has specialized in the physics of polymers, 
especially friction and wear; head of the physics laboratory of the Plastics Research Institute. 


[See p. 127] 


Epwarp Gick Ricnarpson, B.A., Ph.D., D.Sc. (London); professor of acoustics and reader in 
physics at King’s College, Newcastle-upon-Tyne, in the University of Durham; formerly lecturer 
at University College, London, and senior scientific officer in Admiralty and Royal Aircraft 
Establishments. Chairman of the Acoustics Group of the Physical Society; president of the 
British Society of Rheologists; author of a number of text-books in acoustics, hydrodynamics and 
popular physics. [See p. 97] 


{ C, RUBENSTEIN, B.Sc., A.Inst.P.: born in Manchester; graduated from Manchester University 
in 1951. Joined staff of Messrs. Ferodo Ltd., to work on deformation and friction of metals during 
sliding, leaving in 1954 to take up present appointment with the British Cotton Industry Research 
Association investigating the friction and lubrication behaviour of textile materials. [See p. 85] 


VOL. 2 NO. 2 


CONTENTS 


The coefficient of friction of metals 

by C. RUBENSTEIN (Chapel-en-le-Frith, Great Britain) . 
The mechanism of cavitation 

by E. G. RicHarpson (Newcastle upon Tyne). 
Tyre-to-ground contact stresses 

by V. E. Goucu (Birmingham) . : 
On the abrasion of vulcanized rubber against 1 wire gauze 

by S. B. Ratner, V. E. Goor and G. S. Kiitenick (U.S.S.R.). 
Friction and wear properties of titanium 

by P. D. MitLEeR and J. W. Hotitapay (Columbus, Ohio) . 
Abrasive effect of thermosetting moulding compounds 

Wear resistance of steel and chromium-plated steel in plastic moulds 

by A. LUNDBORG eae S aes : 
Literature and current events 

Authors’ abstracts : 

Systematic abstracts of current literature 

Bibliographies . 

Forthcoming events. 

Notes on contributors . 


PAPERS ACCEPTED FOR PUBLICATION 


On the hydrodynamic lubrication of roller-bearings 
by F. OsTERLE (Pittsburg, Pa.) 

On the action of metal-cutting fluids at low speed 

. by M. C. SHaw (Cambridge, Mass.) 

Surface friction and dynamic mechanical properties of polymers 
by A. M. Burcue and D. G. From (Schenectady, ING 0) 

The interactions of wear debris with fatty additives in lubrication 
by Y. Tamar (Tokyo) 

Statistical views concerning cylinder wear in marine diesel engines 
by H. D. LEEs (Copenhagen) 

Surface damage caused by polyvinylchloride sliding on steel 
by D. J. James (Shawbury) 


NOVEMBER 1958 


85 


yl 


- 107 
5 Hy 


» 133 


EAT 
. 146 
- 146 
- 157 
~ 163 
. 163 
. 164 


CONTRIBUTIONS 


Types of Contributions : 


(a) Original research work not previously published in other periodicals. 

(b) Surveys of work that has already been published either in languages other than those 
of this Journal or in reports on laboratory activities that are not generally accessible. 
) Reviews on recent developments in specialized fields. 4 

d) Case histories or analyses of service problems, if they are of a more general interest. 
) Short notes or letters to the editors. 

f) Authors’ abstracts, Bibliographies and Systematic abstracts. 


Language , 


Papers will be published in English, French or German. 


Notes for Authors 
‘Notes for Authors’ for the guidance of contributors can be obtained from all Members of 
the Editorial Board and the Advisory Board and from the Editor’s Office. 

Submission and Acceptance of Papers 


Original contributions, surveys or case histories can be submitted to Members of the Edi- 
torial Board or the Advisory Board in the Author’s geographic region, or to the Editor. 


Review Articles are scheduled well in advance. Authors wishing to contribute a review 
article should communicate first with a Member of the Editorial Board or with the Editor 
for detailed arrangements. 


Short Notes, Letters, and Abstracts of papers published in other languagesshould, however, 
be sent directly to the Editor. 


Competent referees will assist the Editorial Board in deciding whether a paper is to be 


accepted. Papers which, in the opinion of the Editorial Board, can be shortened will be 
referred back to the author for modification. 


Reprints 


Twenty-five reprints will be supplied free of charge. Additional reprints can be ordered at 
quoted prices. They must be ordered when the proofs are returned. 


Office of the Editor : 
P.O.Box 71, Delft, The Netherlands. 


PUBLICATION 
WEA R will have six issues to the volume, approx. 500 pages per volume. 
Subscription price: £ 5.7.6 or $ 15.00 or Dfl. 57.— per volume. 
Subscriptions should be sent to: 


ELSEVIER PUBLISHING Co., Spuistraat 110-112, Amsterdam-C., The Netherlands, 


—eeaanaauanuauqqqqq_ L]LQ]Q]ttt oS 
wows wwaosaoooww>s>—_. 


All rights reserved 


ELSEVIER PUBLISHING CO., AMSTERDAM 
Printed in The Netherlands by 
NEDERLANDSE BOEKDRUK INRICHTING N.V., ’S-HERTOGENBOSCH 


a 


